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Abstract 
The ends of linear eukaryotic chromosomes consist of a sequence of tandem repeats 
recognized by various proteins to form complex nucleoprotein structures. These so-called 
telomeres discriminate chromosome ends from DNA double strand breaks providing protection 
from exonucleolytic degradation and DNA repair mechanisms. Incomplete DNA replication, 
however, causes shortening of terminal DNA with each cell division. When telomere attrition 
reaches a critical length, chromosome ends become deprotected and genomic integrity can no 
longer be maintained. DNA damage response and repair (DRR) pathways are activated as a 
result, causing chromosomal end-to-end fusions and subsequently genomic instabilities, that 
eventually lead to programmed cell death or cellular senescence.  
In highly proliferative cells, the end replication problem is circumvented with the help of the 
enzyme telomerase. Telomerase is a ribonucleoprotein complex consisting of a catalytic reverse 
transcriptase subunit TERT and an RNA template. The enzyme elongates telomeres by reverse 
transcription of its own RNA template subunit, ensuring telomere maintenance at a length 
sufficient for the proper assembly of protective cap proteins. One mechanism for regulating 
telomere length is therefore regulating that activity of telomerase.  
Previous experiments have shown that Arabidopsis thaliana plants deficient in catalytically 
active telomerase TERT develop defects in both vegetative and reproductive organs due to 
progressive telomere dysfunction. The telomeres of TERT-/- null mutants shorten at a rate of 
250 to 500 base pairs per generation, leading to an increased frequency of chromosome 
fusions. The resulting progressive worsening of developmental defects ultimately prevents these 
plants from being propagated past a maximum of ten generations.  
The aim of this project was to analyze the effect that a complementation of the telomerase-
deficiency with functional telomerase would have on both telomere length and plant 
development. Surprisingly, overexpression of wild-type TERT in 4th generation mutants does not 
prevent telomere attrition and only delays the onset of developmental defects extending 
reproductive capacity to 15 generations. Furthermore, telomere length analysis demonstrates a 
stabilization between 250 and 500 base pairs at most chromosome arms. Telomere elongation, 
however, is observable at arms 2R and 4R, implying that unique structural conformations permit 
telomere lengthening at these arms. Further experiments are required to elucidate the function 
of the encoded TERT in transformants and ultimately the mechanisms involved in telomere 
length regulation in plants. 
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Zusammenfassung 
Die Enden von linearen eukaryotischen Chromosomen bestehen aus einer Reihe repetitiven 
Sequenzen die von verschiedenen Proteinen erkannten werden um komplexe Nukleoprotein 
Strukturen zu bilden. Diese so-genannten Telomere schützen die Chromosom-Enden vor 
exonukleotischer Degradierung und DNS Reparatur Mechanismen. Unvollständige DNS 
Replikation verursacht allerdings eine Verkürzung von terminalen DNS Sequenzen mit jeder 
Zellteilung. Wenn die Telomere eine bestimmte kritische Länge erreicht haben, verlieren die 
Chromosom-Enden ihren Schutz was ebenfalls die genomische Integrität beinträchtigt. DNS-
Reparatur Mechanismen werden demzufolge aktiviert, welches zu Chromosom-Fusionen, 
genomischer Instabilität und schlussendlich zellulären Seneszenz führt. In hoch-proliferativen 
Zellen wird das “End-replikations-problem” mit Hilfe des Enyzms Telomerase verhindert. Die 
Telomerase bildet ein Ribonukleoprotein Komplex aus einer katalytischen Reverse-
transkriptase Untereinheit TERT und einer RNA Komponente. Durch die reverse Transkription 
ihrer eigenen RNA Komponente, ermöglicht das Enzym eine Verlängerung der Telomere 
welches wiederum die genomischen Stabilität wiederherstellt. Ein wichtiger Mechanismus daher 
für die Regulierung der Telomer-Länge ist die Regulierung der Telomerase-Aktivität. 
Vorherige Experimente haben gezeigt, das Arabidopsis thaliana Pflanzen mit einer Telomerase 
TERT Defizienz Defekte in vegetativen und reproduktions Organen entwickeln. Ausserdem 
verkürzen sich die Telomere 250 bis 500 Basenpaare pro Generation, welches zu einer 
erhöhten Frequenz von Chromosom-Fusionen führt. Zusammen mit der progressiven 
Verschlechterung der Entwicklungsdefekte, können diese Pflanzen nicht mehr als 10 
Generationen propagiert werden. 
Ziel dieses Projektes war es den Effekt einer Komplementation der Telomerase-Defizienz auf 
die Telomere-Länge und Pflanzenentwicklung zu analysieren. Die Überexprimierung vom Wild-
typ TERT Gen in 4.-Generation Mutanten konnte überraschenderweise die Telomer-verkürzung 
nicht verhindern, jedoch die Entwicklungsdefekten bis zu 15 Generationen verzögern. Die 
Analyse der Telomer-Längen konnte weiterhin eine Stabilisierung zwischen 250 und 500 
Basenpaare bei den meisten Chromosom-Armen identifizieren. Zusätzlich wurde eine Telomer-
Erhaltung nur bei Telomeren 2R und 4R festgestellt. Weitere Experimente werden benötigt für 
eine vollständige Erklärung der TERT Funktion in den Transformanten um schlussendlich die 
Mechanismen der Telomer-Regulierung in Pflanzen erläutern zu können. 
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1. Introduction 
1.1 The importance of telomeres 
Already in the 1930s, geneticists Hermann Müller and Barbara 
McClintock noticed that the two ends of a chromosome were 
functionally distinct from the rest of the chromosome and 
postulated their role in maintaining genomic stability. Müller 
defined these domains as “telomeres” from the Greek words 
“telos” (end) and “meros” (parts) (Müller, 1938). Around 30 
years later, Leonard Hayflick discovered that cells had limited 
proliferative capacity and underwent irreversible growth arrest 
after a certain number of generations (Hayflick, 1965). In 1972, 
Russian biologist Alexey Olovnikov proposed that telomeres 
acted as a buffer, protecting the information-containing part of the genome (see Figure 1). 
Olovnikov continued that a gradual decrease in telomere length due to unidirectional DNA 
replication would remove this buffer thereby defining the “end replication problem” (Aubert et al., 
2008). Experiments later showed that cells with long initial telomeres, such as sperm cells, 
underwent more doublings than cells with short initial telomeres, such as adult cells (Allsopp et 
al., 1992). This observation identified a correlation between telomere length and the cellular 
senescence discovered by Hayflick, suggesting a role of telomeres as “mitotic clocks” that can 
“count” cell divisions.  
Since the discovery of these distinct ends of chromosomes, telomere biology has caught the 
attention of various research fields, including cellular biology, developmental biology, oncology 
and even molecular pathology. Over the years, research has provided significant insight into 
telomere function. Telomeres have been shown to play a role in discriminating chromosome 
ends from DNA double strand breaks (DSB) thereby providing protection from exonucleolytic 
degradation and DNA repair mechanisms. When they shorten beyond a critical functional length 
as a result of incomplete DNA replication, this protection is lost, resulting in chromosome 
fusions and ultimately cellular senescence (Vaziri et al., 1997). However, telomeres do not 
always shorten with each cell division. Cells with unlimited proliferative capacity, such as stem 
cells, have developed a mechanism to maintain telomere length with the help of the enzyme 
telomerase (Blackburn et al., 1989, Levy et al., 1992). Telomerase elongates telomeres thereby 
preventing the activation of the DNA damage response and repair mechanisms, permitting 
unlimited cellular proliferation.  
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These realizations triggered an interesting idea. If telomere attrition leads to cellular senescence 
and telomere maintenance circumvents this process, perhaps maintaining telomere length in all 
cells could decrease the rate of aging or even prevent it entirely. It seems that controlled cell 
senescence and cell death, however, is a lot more important in development than initially 
believed. Not surprisingly, 90% of cancer cells are able to maintain their telomere lengths (Shay 
and Wright, 2001a/b). The evident link between aging and cancer might restrict our abilities to 
extend life span, as limiting the proliferative abilities of cells is clearly important in tumor 
suppression.  
The implications of these findings also become apparent when considering the development of 
an organism. Early embryonic development of multicellular organisms requires the precise 
coordination of intra- and extracellular signals to regulate both cell proliferation and cell death. 
Since the length of telomeres is indicative of a cell’s proliferative abilities, an equally coordinated 
regulation of telomere length must exist in each cell type throughout the entire development of 
an organism. Some cells must in turn be signaled to undergo programmed cell death following 
telomere attrition, while others will be signaled to maintain telomeres and continuously 
proliferate. In fact, numerous pathologies caused by defective telomere length regulation have 
been discovered that disrupt normal development, such as the premature aging syndrome 
Dyskeratosis congenita, only further revealing the importance of controlled telomere length 
regulation in the development of multicellular organisms (Marciniak et al., 2000).  
To comprehend how telomeres function, it is crucial to identify all components of the signaling 
networks controlling chromosome end protection. Currently, research is focused on uncovering 
the precise structure of telomeres and the mechanisms underlying telomere length regulation in 
various species, in an attempt to fully understand the development of multicellular organisms 
and the progression of certain diseases.  
1.2 Telomere structure in mammals, yeast and plants 
One of the first significant achievements in telomere biology was the characterization of 
telomere structures in various organisms. Identifying the precise conformations of telomeres has 
helped explain telomere function and has provided valuable information regarding telomere 
length regulation. 
Generally, telomeres consist of specific short 6-8 base pair double-stranded tandem repeats. 
The composition and number of these repeats varies depending on cell type and on organism. 
Examples of telomeric sequences include 5’-T2AG3-3’ in mammals, 5’-T3AG3-3’ in plants, and 5’-
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TG0-6TG2(TG)2(G)-3’ in yeast (Richards and Ausubel, 1988; Blackburn, 2001) (see Figure 2). 
Depending on cell type, the lengths of telomeres can range between 5 and15 kilo base pairs 
(kb) in humans (Hug and Lingner, 2006). Furthermore, telomere lengths can vary depending on 
species, ranging from 200-300 base pairs (bp) in Saccharomyces cerevisae, 2-4 kb in 
Arabidopsis thaliana, and up to 150 kb in tobacco plants, for example (McKnight et al., 2002). 
Variability in telomere length also exists within a given species, spanning from 2-4 kb in the 
Arabidopsis Columbia ecotype to 9 kb in the accession Cape Verde Islands (Richards and 
Ausubel, 1988; McKnight et al., 2002). 
Figure 2: Comparison of telomere composition between mammals (5’-T2AG3-3’), plants, (5’-T3AG3-3’) and yeast (5’-
TG0-6TG2(TG)2(G)-3’). Variation in telomere duplex length and 3’-G’-overhang length exists both across and between 
species.   
Telomeres in all species have been shown to end in single-stranded G-rich sequences at the 3’ 
end of the chromosome called 3’-G-overhangs. The lengths of the G-overhangs also differ 
between species, ranging from only 20-30 nucleotides in A. thaliana to over 150 nucleotides in 
humans (Griffith et al., 1999; Riha et al., 2000; Riha and Shippen, 2003) (see Figure 2). These 
sequences were later discovered to act as templates for telomere binding proteins and were 
found to be essential for telomere length regulation. 
1.2.1 Telomere-binding proteins 
Telomeres not only consist of repetitive DNA sequences, but have been shown to be structured 
nucleoprotein complexes, comprised of a variety of both double-stranded and single-stranded 
binding proteins (Blackburn, 2001). This discovery suggested that telomere length regulation 
was far more complex than originally believed, involving the coordinated association and 
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dissociation of a large variety of telomere-binding proteins, or TBPs. Experiments have 
identified TBPs in all organisms analyzed thus far, including mammals, yeast and plants (see 
Table 1).  
Organism Single-stranded G-overhang- 
Binding Proteins 
Double-stranded Telomere 
Binding Proteins 
Protein 
Adaptors  
Mammal POT1 TRF1, TRF2, hRap1 TIN2, TPP1 
S. cerevisae Cdc13p Rap1p (Taz1p in fission 
yeast) 
Rif1p, Rif2p 
A. thaliana POT1-like protein AtTRP1*, RTBP1 (rice) ATBP2  
Table 1: Comparison in telomere binding proteins between mammals, yeast (S. cerevisae) and plants (A. thaliana). 
*AtTRP1 contains a Myb-like DNA-binding domain, however its localization to telomeres in vivo has not been shown 
(Chen et al., 2001; McKnight et al., 2002; Riha and Shippen, 2003). 
In mammals, the G-overhang acts as a template for single-stranded DNA-binding proteins, such 
as Protection of Telomere protein POT1 (Baumann et al., 2002; Cech, 2004). POT1 acts as a 
capping protein making the G-strand inaccessible to other proteins or the enzyme telomerase 
(Baumann and Cech, 2001) (see Figure 4). Mammalian telomeres also bind a number of 
specific double-stranded telomere-binding proteins including TRF1 and TRF2, which together 
with POT1, and adaptor proteins TPP1, hRap1, and TIN2 form the so-called “shelterin” complex 
(see Figure 4) (Zhu et al., 2000; de Lange, 2005).  
The single-stranded 3’ G-overhangs of yeast 
telomeres also act as a substrate for protein binding. 
They are bound and capped by the protein Cdc13p, 
which has been shown to contain a DNA-binding 
domain identical to that of POT1 (Cech, 2004). In 
addition, yeast Rap1p binds to double-stranded 
telomeric DNA (Yu et al., 2000; Hug and Lingner, 
2006). Rap1p-mediated recruitment of proteins Rif1p 
and Rif2p plays a major role in telomere 
conformation and subsequently telomere length 
regulation in yeast (Hug and Lingner, 2006; Zellinger 
and Riha, 2007).  
Recent studies have also identified possible 
telomere-binding proteins in plants. Pot1 homologues 
encoding single-stranded telomeric-DNA-binding 
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proteins, for example, have already been found in Arabidopsis; POT1A, 1B and 1C (Shakirov et 
al., 2005). Though telomere binding has not yet been confirmed in vivo, AtPOT1 proteins have 
been shown to function in telomere length homeostasis and chromosome end protection (Riha 
and Shippen, 2003; Shakirov et al., 2005). In addition, sequence homology analysis has 
identified three classes of proteins containing the Myb-like DNA-binding motif “telobox” 
characteristic of duplex telomere-binding proteins (see Figure 3) (Bilaud et al., 1995; Zellinger 
and Riha, 2007). The first class, termed SMH (single myb histone) proteins, contain the telobox 
motif at their N-terminus and have been shown to bind duplex telomeric DNA (Zellinger and 
Riha, 2007). The second class of proteins, TRF-like (TRFL) proteins, contain the telobox motif 
at their C-terminus. TRFLs can be subdivided into two groups. Group 2 proteins (AtTRFL3, 5, 8, 
10) fail to interact with telomeres in vitro, while group 1 proteins (AtTBP1, RTBP1, AtTRP1, 
AtTRFL1, 2, 4, 9) have all been shown to bind duplex telomeric DNA in gel-shift assays (Chen 
et al., 2001; Karamysheva et al., 2004). To date, the precise arrangement of plant TBPs on 
telomeric DNA in vivo, however, has not been uncovered.  
1.2.2 Mammalian telomere conformation 
One important function of telomeres is the recruitment of telomere-binding proteins, thereby 
discriminating telomeres from broken DNA ends providing chromosomal end protection. 
Telomere-binding proteins have been found to play a critical role in the formation of complex 
telomere structures that are imperative for telomere homeostasis and consequently proper 
telomere function. Without this unique nucleoprotein conformation, the DNA double-strand 
break repair pathway would be initiated, leading to chromosome fusions, breakage-fusion-
bridge cycles, genomic instability, and subsequently cell senescence or even death (Aragona et 
al., 2000; Blackburn, 2001, Shay and Wright, 2007). 
The significance of telomere-binding proteins in chromosome end protection becomes evident in 
mammals, for example. Research has revealed that mammalian TBPs form shelterin 
complexes, which arrange themselves in a specific order along the telomeres thereby aiding the 
invasion of the 3’-G-overhangs into duplex telomeric sequences to form protective circular t-loop 
structures (see Figure 4). The t-loop is believed to act as a cap, protecting the ends of 
chromosomes from exonucleolytic degradation and inhibiting the activation of the DNA damage 
response pathway. Experiments have shown that a loss of telomere-binding proteins TRF2 or 
POT1, for example, leads to the activation of the ATM- or ATR-kinase signaling pathways, 
respectively (de Lange, 2009). Activation of these DNA damage response pathways, in turn, 
leads to cellular senescence. T-loops have also been identified in protozoa and plants, 
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indicating that conserved mechanisms for chromosomal end protection might exist across 
various organisms (Riha and Shippen, 2003). 
Figure 4: The structure of the mammalian telomere. 
TRF1 and TRF2 bind to double-stranded telomere 
DNA sequences, while POT1 binds to G’overhangs. 
TIN2 binds and recruits TPP1, which recruits POT1; 
therefore TIN2 and TPP1 act as adaptor proteins 
connecting the single and double strand to form the 
shelterin complex. hRap1 binds to TRF2. 3’-G-
overhang invasion into duplex telomeric sequences 
allows the formation of the protective t-loop. When 
invading, the 3’ single stranded G-overhang forms a 
displacement or d-loop.  (Source: de Lange, 2009.) 
Furthermore, the shelterin complex acts as a “length-sensor;” the longer the telomeric DNA the 
more shelterin can be recruited and the more likely the formation of a t-loop (Hug and Lingner, 
2006). As a result, the ends of linear eukaryotic chromosomes can fluctuate between two states; 
an “open” linear structure and a “closed” loop structure depending on telomere length and 
composition. Sufficient telomere length is required for proper cap assembly and telomeres have 
been found to shorten with each cell division due to unidirectional DNA replication. In cells with 
unlimited proliferative capacity, this problem is usually solved with the help of the telomere-
elongating enzyme telomerase. Another major function of telomeres in these cells, therefore, is 
to prevent the loss of terminal DNA after replication, also referred to as the “end replication 
problem”.  
1.3 The end replication problem 
The end replication problem can be defined as the loss of terminal DNA due to incomplete DNA 
replication. In semi-conservative DNA replication, DNA is synthesized from many replication 
origins in a bidirectional manner. With the help of a helicase, the DNA double helix first unwinds 
into two separate template strands. The enzyme DNA polymerase then replicates the DNA to 
produce a continuous “leading” (5’ to 3’) and a discontinuous “lagging” (3’ to 5’) strand, 
successively adding nucleotides to the growing strands (see Figure 5). Due to the directional 
movement of polymerase and the orientation of the lagging strand, replication of the lagging 
strand requires the addition of RNA primers. The polymerase itself has intrinsic primase activity, 
which aids in the addition of the RNA primers (Hug and Lingner, 2006). This results in the 
synthesis of short “Okazaki” fragments, which are subjected to processing upon complete 
replication.  
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Figure 5. Representation of bidirectional semi-conservative DNA replication originating at a single replication starting 
site in eukaryotes. Both the leading (blue) and the lagging (purple) strand are synthesized in a 5’ to 3’ orientation as 
DNA polymerase “reads” the template DNA (black) in a directional manner from 3’ to 5’. RNA primers (red) must be 
added to the lagging strand resulting in the synthesis of Okazaki fragments (purple/red). The fragments are 
subsequently processed to obtain fully replicated DNA.  
Once replication is complete, the RNA primers of the Okazaki fragments are removed and 
replaced with nucleotides, followed by final ligation of the fragments (Hug and Lingner, 2006). 
After primer removal, the leading strand end of each double-stranded DNA synthesized is blunt; 
while the lagging strand end produces the G-rich 3’ overhang (see Figure 6). Finally, 5’-end 
processing occurs on the template 
and the lagging strand (Riha and 
Shippen, 2003; Hug and Lingner, 
2006). Due to parental template 
strand recession during this 
processing, repeated DNA 
replication results in the potentially 
detrimental loss of terminal DNA 
(Gilson and Geli, 2007). In human 
somatic cells, for example, it has 
been shown that 50-200 
nucleotides are lost during each 
replication cycle (Tarkanyi et al., 
2008). 
1.4 Telomerase  
As mentioned above, proliferative cells commonly solve the end replication problem with the 
help of the enzyme telomerase. In most organisms, telomerase has an unusual overall structure 
as a two-component ribonucleoprotein complex (RNP), containing both an essential RNA 
template and a catalytic reverse transcriptase protein component (TERT) (Cech, 2004; Autexier 
and Lue, 2006) (see Figure 8). To date, telomerase has been discovered in all studied 
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eukaryotes, including yeast, humans and plants (Fajkus et al., 1996; Oguchi et al., 1999). 
Though containing conserved motifs, overall similarity of TERT proteins across various 
organisms is low (Lingner et al., 1997) (see Figure 7).  
 
Figure 7: Amino acid sequence comparison of the plant Arabidopsis thaliana reverse transcriptase subunit TERT 
(AtTERT) with other eukaryotes including, human (hTERT), mouse (mTERT), Saccharomyces cerevisae (Sc-Est2p), 
and Schizosaccharomyces pombe (Sp-Trt1p). Sequence alignment indicates the presence of 8 conserved amino acid 
motifs (Source: Fitzgerald et al., 1999) 
Apart from displaying the complementary template sequence required for the annealing of 
TERT to telomeres, the telomerase RNA template can act as a template for additional proteins. 
The precise composition of the telomerase RNP with telomerase-associated proteins varies in 
mammals, yeast, and plants and plays a decisive role in telomerase-mediated telomere 
elongation. Associated proteins have been shown to regulate telomerase activity by facilitating 
the proper assembly of the RNP, the recruitment of telomerase to chromosome ends, and the 
coordination of telomerase activity with DNA replication, for example (Collins and Mitchell, 
2002).  
1.4.1 Telomerase Activity 
The precise activity of telomerase can be divided into three stages; recruitment, reverse 
transcription, and translocation. Complete replication of chromosome ends begins with the 
recruitment of telomerase to the 3’ G-rich overhangs produced during DNA replication (Cech, 
2004; Hug and Lingner, 2006). Upon binding, the enzyme reverse transcribes its own RNA 
template elongating the G-overhangs (see Figure 8). Continuous translocation of the RNP 
complex to each newly formed DNA end eventually leads to a significant increase in length at 
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the 3’ end of DNA. Once a sufficient length has been reached, DNA polymerase replicates the 
template DNA synthesizing the complementary C-strand.  
 
In effect, telomerase prevents terminal DNA loss after replication by catalyzing the reverse 
transcription of its own RNA template at DNA ends. Given our understanding of telomere 
structure and telomerase activity, one could postulate that an effective method for regulating 
telomere length therefore might include the regulation of telomerase activity itself.  
1.5 Regulation of telomerase activity  
Telomerase activity can be controlled by the transcriptional, post-transcriptional, translational 
and post-translational regulation of all telomerase components. Differentiated cells in which 
active telomerase is undesirable, likely repress telomerase gene expression as a whole. On the 
other hand, highly proliferative cells that require continuous reactivation of telomerase during 
DNA replication (or the S “Synthesis” phase of the cell cycle) might rely on cell-cycle-dependent 
post-translational regulatory mechanisms.  
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1.5.1 Transcriptional control of telomerase components 
As with any gene product, the first line of control lies in the transcriptional regulation of the gene 
itself. Transcriptional repression and activation of the genes encoding the catalytic subunit 
TERT, the RNA template subunit, or any accessory proteins required for telomerase activity 
would determine the ultimate cellular levels of active telomerase. Many cells have indeed been 
shown to regulate telomerase activity at gene expression level.  
Differential expression of the telomerase catalytic subunit TERT has been demonstrated in 
various tissues of different organisms, with stronger expression in proliferative tissues than 
terminally differentiated tissues (McKnight et al., 1997; Riha and Shippen, 2003). In mammals, 
highly proliferative cells such as germ line, hematopoietic and epidermal stem cells, and cancer 
cells exhibit high levels of telomerase expression (Shay and Wright, 2007). These cells have 
also been shown to maintain their telomeres. Furthermore, similar to mammals, high levels of 
telomerase expression have been demonstrated in reproductive organs, embryos and 
undifferentiated cells in plants (Fitzgerald et al., 1996; McKnight et al., 1997).  
On the other hand, evidence indicates low telomerase transcription in both mammalian somatic 
cells and plant vegetative organs (McKnight et al., 1997; Blackburn, 2001). In Arabidopsis, 
telomerase activity is believed to be regulated primarily at the transcriptional level, as transcripts 
are found in root tips, flowers and callus, but are undetectable in leaves (Fitzgerald et al., 1996). 
Interestingly, the overexpression of transcription factor TAC1 in Arabidopsis results in ectopic 
activity of telomerase in leaves, identifying a possible transcriptional regulator in plants (Ren et 
al., 2004). In addition, recent studies have identified three negative regulators of human TERT 
transcription: Mad1, TGF-β, and Menin (Lin and Elledge, 2003).  
1.5.2 Translational regulation of telomerase  
An increase in the gene expression of telomerase components does not necessarily correspond 
to an increased level of active telomerase. Translational inactivation by siRNA-mediated 
mechanisms, for example, could prevent the translation of TERT mRNA into an active TERT 
enzyme. Of course, the same is relevant for both the telomerase RNA component itself and the 
mRNA of telomerase-associated proteins. Furthermore, alternative splicing of TERT mRNA 
offers another form of post-transcriptional regulation. In fact, splice variants of mammalian 
TERT have been shown to act as negative inhibitors of telomerase activity (Yu et al., 2000). 
Multiple splice variants of TERT have also been identified in all tissues of rice (Heller-Uszynska 
et al., 2002). Interestingly, a truncated splice variant of AtTERT has been shown to bind 
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telomere-binding protein A. thaliana POT1-like protein (AtPOT1), presenting another 
mechanism for telomerase activity regulation: protein-protein interaction (Rossignol et al., 2007).  
1.5.3 Telomerase-associated proteins and post-translational regulation 
Apart from transcriptional and translational regulation, telomerase activity has been shown to 
depend on the interaction of accessory proteins. Telomerase-associated proteins have been 
identified to serve two main functions; they facilitate proper assembly of the RNP and aid in the 
recruitment of telomerase to telomeres. 
In humans, the catalytic reverse transcriptase subunit (hTERT) and the RNA template (hTERC) 
make up the two-component telomerase RNP. The human RNP associates with additional 
proteins Est1 and dyskerin (Mitchell et al., 1999; Blasco, 2005). Dyskerin has been shown to 
play an important role in the processing and stabilization of the telomerase RNA template 
hTERC (Cech, 2004). In yeast, telomerase-RNA-binding proteins, such as the Sm proteins, 
have also been shown to aid in the assembly and maturation of the telomerase RNP. 
Specifically, the Sm RNA-binding proteins mediate both the intracellular transport and assembly 
of telomerase RNA (Seto et al., 1999).  
Accessory proteins are also involved in telomerase recruitment to telomeres. Arabidopsis 
dyskerin, for example, associates with both the telomerase RNA template and the single-
stranded telomere-binding protein POT1A (Kannan et al., 2008). Recent evidence has shown 
that an absence of POT1A in Arabidopsis results in a phenotype identical to the inactivation of 
telomerase, suggesting that the protein is likely involved in telomerase recruitment to telomeres 
(Surovtseva et al., 2007). Yeast telomerase has also been shown to associate with additional 
regulatory proteins involved in telomerase recruitment to telomeres. Est1p, for example, binds to 
both a secondary stem structure on the telomerase RNA and the single-stranded telomere-
binding protein Cdc13p (Riha and Shippen, 2003; Zapulla et al., 2009). Furthermore, the DNA-
binding Ku heterodimer has been shown to bind specific sequences on yeast telomerase RNA 
and promote telomerase activity (Stellwagen et al., 2003). Finally, the mammalian shelterin 
complex is also believed to be involved in the recruitment of telomerase to telomeres (de Lange, 
2009). By directing telomerase to telomeres, telomerase-associated proteins ensure that 
telomeric DNA is added solely to telomeres and not to broken DNA ends. Together, these 
results indicate that perhaps the cellular level of telomerase is not the determining factor in 
telomere length regulation, but rather the tightly coordinated interaction of telomerase with both 
telomerase- and telomere-associated proteins (see Figure 9). 
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Telomerase activity can be regulated, by simply altering the accessibility of telomerase to 
telomeres themselves. The link between telomere conformation and telomerase activity has 
been made evident by structural studies of mammalian telomeres, revealing two unique 
conformation states.  
Figure 9: The shelterin 
complex dependency on 
telomere length determines 
ultimate telomere architecture, 
which in turn affects 
telomerase activity (Source: 
de Lange, 2005). 
Telomerase-mediated telomere elongation requires recruitment to the 3’-G-overhang produced 
during DNA replication. Telomerase activity can therefore be inhibited when telomeres are in a 
closed t-loop conformation in which the 3’-G-overhangs are inaccessible. When telomeres are 
too short for protective cap formation, the 3’-overhangs can be accessed again and telomere 
elongation can effectively take place. As a consequence, sufficient telomere length is restored 
permitting the formation of a closed conformation thereby inhibiting further telomerase activity 
once again (see Figure 9). Long telomeres, in effect, can act as negative regulators of 
telomerase function.  
1.5.4 Epigenetic regulation of telomere length 
Research has shown that epigenetic regulatory mechanisms also affect telomere length 
homeostasis. In mammals, repressive di- and tri-methylation of telomere histone H3K9 leads to 
the recruitment of heterochromatin protein HP1 and ultimately the formation of transcriptionally 
silenced heterochromatin at telomeres (Garcia-Cao et al., 2004; Blasco, 2007; Schoeftner and 
Blasco, 2009). Methylated and underacetylated histones have also been localized to 
subtelomeres. Apart from histone modifications, the hypermethylation of subtelomeric DNA 
further contributes to telomere length regulation (Benetti et al., 2007; Blasco, 2007).  The 
formation of densely compacted heterochromatin negatively regulates telomere elongation and 
recombination by restricting telomerase access to telomeres (Blasco, 2007). Telomere 
shortening, however, disrupts the formation of repressive chromatin, permitting telomerase-
mediated elongation and telomere recombination (Benetti et al., 2007). Again, these data 
indicate that telomere length itself is decisive for telomerase activity as it directs the epigenetic 
status of heterochromatin.  
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A final higher order of telomerase activity regulation was revealed with the discovery of the 
transcription of telomeres. Due to their heterochromatic nature, it was originally believed that 
telomeres were not actively transcribed. However, recent evidence shows, that telomeres are 
indeed transcribed into non-coding telomeric RNAs (TERRAs or TelRNAs) by RNA polymerase 
II (Schoeftner and Blasco, 2009). Interestingly, TERRA levels remain low in highly proliferative 
cells and high in adult tissues, presenting a possible role in telomerase-dependent telomere 
elongation. TERRAs form unique structures with both single-stranded telomeric DNA and 
telomerase RNA and have been shown to negatively control telomere elongation by altering 
telomerase activity (Schoeftner and Blasco, 2009). Mammalian TERRAs, for example, form 
RNA-RNA hybrids with the telomerase RNA template thereby inhibiting telomerase activity in 
vitro (Schoeftner and Blasco, 2008). In contrast, TERRA molecules in yeast inhibit telomerase 
activity by forming DNA-RNA hybrids with telomeres (Schoeftner and Blasco, 2008). In effect, 
TERRAs affect both telomere structure and telomerase activity thereby regulating telomere 
length. The precise mechanisms, however, by which telomeric RNAs function in vivo remain 
unclear. 
1.5.5 The sequence and length of the telomerase RNA template subunit 
Finally, in addition to offering a binding site for telomerase-associated RNA-binding proteins, 
research has shown that the length of the RNA template itself has a regulatory effect on 
telomerase activity. The length and composition of the whole RNA subunit varies drastically 
among organisms ranging from 150 nucleotides in ciliates to 1400 in yeast, two organisms with 
varying telomere lengths, indicating a role of the RNA subunit in telomere length regulation 
(McKnight et al., 1997). In addition, the length of the complementary RNA template is precisely 
set by base-paired boundaries to ensure timely termination of chromosome end synthesis 
(Cech, 2004). Mutating the sequence by just one base can cause unlimited telomere repeat 
addition (Prescott and Blackburn, 2000). Together, these results indicate that the telomerase 
RNA template can have both an activating and an inhibitory effect on telomerase activity and 
consequently telomere elongation. 
In conclusion, in addition to transcriptional and translational regulation, telomerase activity can 
be regulated post-translationally by the controlled interaction between telomerase, telomerase-
associated proteins, and telomere-binding proteins at telomeres. This coordinated interaction 
allows a cell to control when and where telomerase should be active and subsequently when 
telomere length should be maintained.  
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1.6 The effect of telomerase deficiency 
Valuable information about the function of telomerase in telomere length maintenance has been 
retrieved from telomerase mutational studies. Interestingly, telomerase-deficient yeast and 
mammalian cells have been shown to maintain their telomeres by recombination-based 
telomere maintenance mechanisms (McKnight et al., 2002). Furthermore, experiments with 
mice have shown that a telomerase deficiency does not have immediate lethal effects despite 
causing a decrease in telomere length with each successive generation (Blasco et al., 1997). 
The phenotypes of the mutant mice include male and female infertility, embryonic mortality, 
severe intestinal atrophy, reduced proliferation of bone marrow stem cells, B and T 
lymphocytes, heart dysfunction and reduced proliferative capacity of adult neural stem cells 
(Lee et al., 1998; Blasco, 2007). Interestingly, mice deficient in telomerase can survive for up to 
five generations. However, abnormalities in the male and female germ-line render these mice 
sterile in the fifth and sixth generation, respectively (Lee et al., 1998). In effect, telomerase 
deficient mice can survive with abnormally short telomeres up to a given threshold, indicating 
that a minimal functional telomere length is necessary to maintain tissue homeostasis. Given 
these findings, one could postulate that similar effects might occur in plants lacking functional 
telomerase.  
1.6.1 Telomerase TERT deficiency in Arabidopsis thaliana 
In 2001, Karel Riha and colleagues analyzed the effect of a telomerase TERT deficiency on 
plant development and telomere length. Heterozygous Arabidopsis thaliana TERT mutants were 
obtained by a T-DNA insertion into exon 9 of the AtTERT gene, resulting in Arabidopsis plants 
deficient in catalytically active telomerase (Fitzgerald et al., 1999). By selfing the heterozygous 
AtTERT mutant plants, four homozygous telomerase-deficient lines were created (Riha et al., 
2001).  
Terminal Restriction Fragment (TRF) analysis showed that telomeres in TERT-/- plants 
shortened at a rate of approximately 250 to 500 base pairs per generation between the first (G1) 
and eighth generation (G8), as opposed to the constant stabilization of telomeres between 2 
and 4 kb in wild type Arabidopsis (see Figure 10) (Riha et al., 2001). The absolute shortest 
telomere length detected in these plants was 260 base pairs, as opposed to 50 bp in yeast, 
identifying a possible minimal function length of plant telomeres (Forstemann et al., 2000). 
In addition to an overall decrease in telomere length, cytogenetic defects such as chromosome 
fusions were noticeable in 6th generation mutants (see Figure 11) (Riha et al., 2001). The late 
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appearance indicated that fusions only occurred once telomeres had shortened to a certain 
length. Importantly, an increase in the percentage of end-to-end fusions was detectable with 
each following generation, reaching up to 40% in the eighth generation, as telomeres continued 
decreasing in length (Riha et al., 2001; McKnight et al., 2002).  
Figure 10: Terminal Restriction Fragment (TRF) analysis of DNA extracted from wild-type 
Arabidopsis thaliana plants and G1 to G8 TERT-/- Arabidopsis mutants. Heterogenous 
TRFs in wild-type plants indicate the existence of a range of telomere sizes. In contrast, 
TRF analysis of mutant lines showed discrete bands corresponding to specific telomere 
lengths. Furthermore telomere lengths decreased at a rate of 250 to 500 base pairs per 
generation between G1 and G8 (with the exception of a sudden increase between G4 and 
G5 possibly due to an alternative lengthening mechanism) (Source: Riha et al., 2001) As 
mentioned above, “G” refers to the generation. 
As had been previously noted in mice, developmental abnormalities in telomerase deficient 
plants did not become distinguishable until late generation (G6) mutants, despite shortened 
telomeres (see Figure 11). The first notable phenotypic defect in TERT-deficient plants became 
evident in leaf morphology at G6 (Riha et al., 2001) and correlated with the onset of genomic 
instabilities. Late generation mutants displayed severe developmental defects in germ-line cells. 
Abnormalities in the carpel, stamen, petals, and sepals of the flowers eventually resulted in 
reproductive defects. Furthermore, wild-type siliques contained ~50 seeds, while most class II 
mutants (see Table 2) showed an up to 100% decrease in seed yield ultimately leading to 
sterility (Riha et al., 2001).  
TERT-deficient Arabidopsis thaliana plants were able to survive between 8 and 10 generations, 
depending on the degree of chromosomal abnormalities, as opposed to six generations in mice 
(Riha et al., 2001). However, by G10, all plants developed terminal phenotypes with stunted 
growth, sterile flowers and often a lack of leaves. The fact that developmental defects are visible 
later in plants is particularly interesting considering that initial telomere length in plants is shorter 
than in mice. However telomeres have been shown to decrease in length at a rate of 5000 bp 
per generation in telomerase-deficient mice, as opposed to the 250-500 bp per generation in 
plants, which might contribute to the accelerated onset of defects (Blasco et al., 1997).  
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Figure 11: Left, A+B: Chromosome fusions, visible as anaphase bridges, in late generation telomerase-deficient 
Arabidopsis thaliana mutants (Source: McKnight et al., 2002). Right, A: Phenotypic analysis of wild type Arabidopsis 
thaliana (wt), 7th generation, 8th and 9th generation TERT-/- Arabidopsis mutants. Developmental defects 
progressively worsen from phenotype I in G7, to II in G8, to an ultimate terminal phenotype (T) in G9. B. The terminal 
plant arrested early in vegetative development shows dramatic defects in floral development. Bar = 1 mm (Source: 
Riha et al., 2001). 
Phenotypic Classification Description 
Wild type like (wt-like)  No obvious defects in growth or tissue 
development 
Phenotype I Mild defects in leaf morphology and reduced 
fertility 
Phenotype II Moderate to severe defects in leaf morphology 
and shoot meristem structure; reduced 
germination efficiency 
Terminal (t) Arrested in vegetative growth; Inability to 
produce viable seeds 
Table 2: Phenotypic defects of TERT-/- Arabidopsis thaliana plants are characterized as wild type-like (wt-like), I, II, 
and terminal (t), in order of severity (Source: Riha et al., 2001). 
In summary, disrupting the gene expression of telomerase reverse transcriptase TERT in A. 
thaliana causes a decrease in telomere length at a rate of about 250 to 500 base pairs per 
generation. Regardless of the genomic instability that results from chromosome fusions, these 
plants are able to survive up to 10 generations. Interestingly, developmental defects are visible 
in vegetative tissue first followed by abnormalities in reproductive organs. Given these results, it 
would be interesting to analyze whether transforming these plants with wild type telomerase 
would rescue the effects characteristic of the telomerase-deficiency. 
1.7 Main objective of the research project 
The main objective of my project was to analyze the effect of the complementation of G4 TERT-
deficient Arabidopsis thaliana mutants with a cDNA construct encoding wild type telomerase 
TERT. As a negative control, some plants were transformed with a catalytically inactive variant 
of TERT. Four aspects were examined in particular. First, it was important to characterize the 
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various phenotypes of all transformants in order to understand the effect of the transformation 
on plant development. Once determined, the presence of the construct in the transformed lines 
had to be verified. To do this, genomic DNA was isolated from the leaves of transformants from 
each generation and the constructs were amplified by PCR using TERT-construct-specific 
primers. To ensure that the transformants also expressed TERT, levels of TERT-specific mRNA 
were examined in early and late generations using Reverse-Transcription (RT)-PCR. Finally, to 
understand how ectopic TERT expression affects telomere length maintenance, the telomere 
lengths at each individual chromosome arm were determined in successive generations of 
transformants using the PCR-based telomere amplification technique PETRA (Primer Extension 
Telomere Repeat Amplification). 
Previous experiments have shown that a transformation of cells with telomerase can indeed 
successfully rescue telomerase-deficiency. The expression of hTERT in telomerase-deficient 
human diploid fibroblasts, for example, reconstitutes telomerase activity leading to an increase 
in telomere length and ultimately to an extension of cellular life span (Allsopp, 1996; Vaziri et al., 
1998; Zhu et al., 1999; Shay et al., 2001). Furthermore, a significant extension of median life 
span was demonstrated in TERT transgenic mice (Tomas-Loba et al., 2008). Based on these 
results, it would be safe to assume that the expression of wild type AtTERT cDNA in 
Arabidopsis would also restore and maintain wild type telomere length. An increase in telomere 
length could furthermore prevent the onset of the developmental defects found in late 
generation TERT-/- null mutants.   
The hypothesis therefore was that the construct encoding wild type AtTERT would complement 
the telomerase-deficiency, by restoring catalytic telomerase activity and consequently genomic 
stability. The shortened telomere lengths found in G4 plants were expected to be either 
stabilized or gradually elongated to wild type length (between 2 and 4 kb). By preventing further 
erosion of telomeric DNA, the ectopically expressed TERT was believed to suppress the 
cytogenetic and developmental defects characteristic of late generation TERT-/- mutants. Plants 
transformed with the mutant TERT cDNA construct were expected to show gradual telomere 
erosion of 250-500 base pairs per generation similar to the TERT-/- null mutants. The 
developmental defects in these plants were assumed to be similar if not identical to telomerase-
deficient plants.  
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2. Approach and Results 
2.1 Transformation of TERT-/- A. thaliana mutants with TERT cDNA 
To test whether the reintroduction of a functional telomerase reverse transcriptase subunit could 
restore telomere length and prevent the characteristic developmental defects in plants, TERT-
deficient mutants were transformed with both wild type and mutant TERT.  
For the experiment, four generations of the Arabidopsis TERT -/- line 96 mutants (G496) were 
initially propagated, resulting in a decrease in telomere length from 2-4 kb to approximately 1.5-
2.5 kb (see Figure 10; Riha et al., 2001). Two expression cassettes containing wild type or 
mutant TERT cDNA, pCBK29 and pCBK30 respectively, were constructed and subsequently 
transformed into the TERT-/- deficient G4 plants using the plant pathogen Agrobacterium 
tumefaciens*. PCBK30 contains an aspartate to asparagine substitution in one of the conserved 
regions of reverse transcriptase motif C, causing complete disruption of telomerase catalytic 
activity (see Figures 7 and 12; Schirato, 2006).  
 
Figure 12: The plasmid pCBK29 contains the wild type 3 kb long cDNA for the telomerase reverse transcriptase 
subunit TERT (green) under the constitutively active pCaMV 35S promoter (light green) (35S:TERT). Construct 
pCBK30 contains a TERT variant with a point mutation in the conserved reverse transcriptase domain (purple) also 
expressed under the 35S promoter (35S:TERT (D860N)). The mutation D860N denotes a point mutation of adenine 
to guanidine at position 860, leading to an aspartate to asparagine substitution at position 860 (indicated by the black 
cross). LB and RB (left and right border; dark green) are required for stable integration of the cDNA into the plant 
genome. The selection marker gene bar (dark blue) conferring ammonium glufosinate herbicide resistance is 
expressed under the nopaline synthase promoter pNOS (light blue). Termination signals tNOS (red) for both bar and 
TERT are located just downstream of the genes (Source: adapted from Shirato, 2006).  
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In both constructs the cDNA was cloned behind a strong constitutive 35S promoter causing an 
overexpression of TERT upon cell transformation. To identify successful transformants, T2 
seeds were selected based on their ability to express the herbicide ammonium glufosinate 
(Basta) resistance gene, bar, driven by the nopaline synthase promoter pNOS (Schirato, 2006). 
G4 plants were transformed, rather than earlier generations, because the telomere lengths at 
G4 were still above critical length on average and developmental defects were expected to start 
in G5. Therefore, the first transformants (T1) were actually fifth generation plants.  
2.2 Propagation scheme 
Two lines representing independent transformants were propagated by self-pollination for each 
construct; lines #2 and #7 were transformed with 35S:TERT and lines #5 and #17 with 
35S:TERT (D860N)*. *Martina Schirato, a former technician in Karel Riha’s lab, largely performed the work 
described thus far in Sections 2.1 and 2.2. 
 
Figure 13: Graphic representation of the plant propagation series, numbering the different lineages of plants used for 
further phenotype and telomere length analysis. G stands for ‘generation’ from the original TERT mutation; T marks 
the generation from the transformation. The G4 TERT-/- mutants (line 96; Riha et al., 2001) were transformed with 
either pCBK29 (wild type TERT cDNA) or pCBK30 (mutant TERT cDNA) yielding G5/T1 transformed plants. Two 
independent transgenic lines for each construct were propagated (lines 2 and 7 of pCBK29-transformed plants and 
lines 5 and 17 of pCBK30-transformed plants). PCBK29-transformants could be propagated for at least 15 
generations, while the pCBK30-transformants showed terminal phenotypes and were not propagated beyond G7.  
As a reminder, telomerase-deficient A. thaliana plants cannot be sustained past a maximum of 
10 generations due to detrimental developmental defects. Similarly, both pCBK30-transformed 
lines expressing the catalytically inactive mutant variant of telomerase reverse transcriptase 
TERT were not propagated past G7 due to terminal phenotypes, providing further evidence for 
the importance of catalytically active telomerase in long-term plant propagation (see Figure 13). 
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As hypothesized, reproductive capacity was extended in both lines 2 and 7 of the pCBK29-
transformants. Contrary to expectation, however, these two lines developed growth defects 
comparable to TERT-/- mutants and could subsequently only be propagated for 15 generations. 
These results came as a surprise, as they implied that the developmental defects characteristic 
of TERT-deficient plants could not be prevented by the pCBK29-encoded TERT, but rather only 
delayed. 
2.3 Phenotype analysis and characterization 
Plants complemented with wild-type TERT cDNA revealed unexpected phenotypes providing 
valuable information about the effect of the ectopically expressed telomerase TERT. While 
G6/T2 plants resembled wild-type plants and did not exhibit any gross developmental 
abnormalities, both lines carrying the pCBK29 construct displayed a gradual worsening of 
developmental defects from G7/T3 to G15/T11 (see Figures 14 and 15). Observational 
comparisons of the phenotypes revealed a definite increase in the frequency of class I and class 
II defects in late generation transformants. The frequency of class I phenotypes, for example, 
increased from 6% in G7/T3 to 57% in G10/T6 (see Figure 16). Similarly, the percentage of 
class II phenotypes almost doubled between T3 and T6 (see Figure 16). 
 
Figure 14: Phenotype comparison between G6, G8, G10, G12, G14 and G15 plants transformed with the pCBK29 
construct encoding wild type TERT and propagated from line 2. Class-II-like phenotypes such as severe 
abnormalities in both apical and rosette leaf morphology and stunted growth became evident in G12/T8. Interestingly, 
a minimal percentage of G15 plants were able to produce well-developed siliques with viable seeds. The green bars 
indicate 5 cm. 
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Figure 15: Phenotype comparison between G6, G8, G10, G12, G14 and G15 pCBK29-transformants propagated 
from line 7. First significant signs of class II to terminal-like phenotypes similarly became visible at G12. G15 plants 
however showed a slight increase in the frequency of terminal phenotypes when compared to line 2. The green bars 
indicate 5 cm. 
 
Figure 16: A schematic diagram indicating the overall percentages of phenotype distribution up to the tenth 
generation of pCBK29-transformants (G10/T6). A total of 193 plants were classified into wt-like, class I, class II, or 
terminal phenotypes (see Table 2). Results reveal an increase in the frequency of class I and class II phenotypes in 
late generation transformants. (Source: adapted from Martina Shirato, 2006) 
The phenotypes of the pCBK29 transformants strongly correlated with those of TERT-deficient 
mutants. As with TERT-/- plants, the first growth abnormality became apparent in vegetative 
tissue followed by defects in the development of reproductive organs in later generations. 
Interestingly, although the developmental defects themselves did not differ, the distribution and 
the initial onset of the defects did. A dramatic increase in rosette leaf number became 
detectable only at G14/T10 transformants. These plants displayed high-density clusters of 
rosette leaves with unusually curled edges, size disparities and discolorations characteristic of 
class II phenotypes (see Figure 17). Late generation pCBK29-transformants also displayed 
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defects in apical leaf development similar to those found in early generation TERT-/- mutants 
(see Figure 18:C).  
Figure 17: Abnormal leaf morphologies characteristic of early generation 
TERT-/- Arabidopis thaliana mutant lines were detectable at G7 in 
pCBK30 transformants and at G12 in pCBK29 transformants. A. Terminal 
phenotype of a line 2 G12 plant (pCBK29). B. Terminal phenotype of a 
G7 line 5 plant (pCBK30). C. A dramatic increase in rosette leaf number 
was visible in some G15 line 2 plants, and D. G15 line 7 plants. E. Apical 
leaves in a G14 line 2 plant showed abnormal curling. F. Apart from an 
increase in leaf number, dramatic size and color differences were visible 
in rosette leaves in line 2 G15 plants. The white bar indicates 1 cm. 
 
Furthermore, defects in reproductive organ development, such as infertile flowers and 
abnormally truncated siliques, became evident already in early generations of pCBK29-
transformants and showed a drastic increase in frequency in G15/T11 plants. An increasing lack 
of viable seeds made it difficult to propagate the plants past G15 (see Figure 18:D+E). 
However, a minimal percentage of G15 plants were able to produce viable seeds, indicating that 
propagation past 15 generations was possible (see Figure 18:G).  
 
Figure 18: Leaf and silique comparisons of early and late pCBK29 transformant generations. A and B. G15 line 7 
plants displayed stunted growth and an unusual distribution of apical leaves. C. A G8 line 7 plant showed abnormal 
apical leaf curvature. D./E. A G15 line 2 plant developed stunted siliques without viable seeds as well as infertile 
flowers. F./G. On the other hand, a line 7 G15 plant developed both wild type and atypical siliques indicating that 
some G15 transformants were still able to produce viable seeds. H. Early and late generation line 2 leaf comparison 
showed discoloration and unusual morphology. Left: G6 line 2 leaf, Middle and Right: G15 line 2 leaves. The white 
bar indicates 1 cm. 
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Contrary to initial hypothesis, complementation of TERT-/- mutant Arabidopsis thaliana with 
wild-type TERT did not restore a wild-type phenotype. Phenotype analysis indicates that 
although the TERT transformation was able to extend reproductive capacity up to 15 
generations, it did not prevent the development of defects typical for telomerase dysfunction. 
Results indicate that both lines transformed with construct pCBK29 show an increase in the 
severity and overall frequency of developmental defects with each successive generation from 
G6 to 15, ultimately leading to a decline in seed set and germination efficiency. As with TERT-
deficient plants, the defects in transformants first became apparent in vegetative tissue followed 
by reproductive organs only in late generations. Possible explanations for the inability of the 
encoded TERT to restore wild type phenotype might be that some of the late generation 
transformants either lost the pCBK29 construct due to segregation or did not actively express 
the encoded TERT. To identify whether a lack of construct correlated with the developmental 
defects, I determined whether the examined plants indeed retained the pCBK29 construct using 
PCR-based genotyping. Once confirmed, TERT mRNA levels were analyzed to ensure 
construct-specific TERT expression.  
2.4 Genotyping 
For genotyping, genomic DNA was first isolated from rosette leaves of pCBK30-transformed G7 
plants and pCBK29-transformed G6, G8, G10, G12, G14 and G15 plants from both respective 
lines using the CTAB method described in 4.2. As a negative control, genomic DNA was also 
isolated from TERT-/- mutants.  
For PCR analysis, TERT construct-specific primers had to be designed. Two different primer 
combinations were used to verify the inheritance of the constructs in all generations of the 
transformants whose phenotypes had previously been characterized. The first primer 
combination consisted of a forward primer specific for the pCaMV 35S promoter sequence used 
in each construct (35-S1) together with a TERT-specific reverse primer.  Optimal amplification of 
the TERT cDNA was achieved using the TERT29 reverse primer (see Figure 19). The resulting 
432 bp PCR product indicated the presence of TERT cDNA from either construct. 
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Figure 19: The primer combinations used to verify the presence of the constructs. A: The 35-S1 primer specific for the 
promoter used in both constructs was used together with TERT-specific primer TERT29, resulting in the amplification 
of a 432 bp long sequence. B: The TERT7 and TERT6 primers together with T-DNA-specific primer LBCD6 allowed 
detection of the pCBK29 construct as well as verification of the T-DNA disruption of the endogenous TERT gene. A 
product of 457 bp indicated the presence of the construct, as the endogenous TERT gene was disrupted by the T-
DNA insertion (orange). Furthermore, amplification of a 729 bp product verified the T-DNA insertion in the 
endogenous gene.  
Data obtained with primers 35S-1 and TERT29 were further confirmed using an additional 
primer combination: forward primers LBCD6 and TERT7 and reverse primer TERT6. LBCD6 
specifically annealed to the T-DNA sequence inserted in the endogenous TERT gene of the 
telomerase-deficient TERT-/- mutant background. TERT cDNA-specific forward and reverse 
primers TERT7 and TERT6, respectively, spanned the T-DNA insert (see Figure 19). The 
combination of all 3 primers resulted in products of varying lengths. Since TERT7 and TERT6 
anneal to the same exon, the TERT7/TERT6 PCR product had a length of 457 bp in both 
genomic and cDNA samples (see Figure 19). In addition, the single LBCD6/TERT6 product of 
750 bp verified the T-DNA insertion in the genomic TERT DNA.  
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Figure 20: TERT construct presence verification of pCBK29 and pCBK30 transformants using the 35-S1 and TERT29 
primer combination, revealing a 432 bp band in transformants. A loss of the transgene is visible in a G6/T2 line 5 
plant D10-1 and line 17 plant D16-1. In addition, none of the G7 line 5 plants seemed to retain the pCBK30 construct 
as can be seen in plants A3-1, A3-2, A6-1, A7-1. Furthermore, not all plants propagated from G6 line 17 (i.e. G7 plant 
A12-1) contained the construct (shown in red). The GeneRuler™1 kb DNA ladder was used as a reference (see 
Materials and Methods). Xn-n denotes tray, pot, and plant number. 
 
Figure 21: TERT construct verification of various generations using forward primers LBCD6 (T-DNA-specific) and 
TERT7 (TERT specific) together with TERT-specific reverse primer TERT6. As with the previous primer combination, 
all G7#5 plants and G7#17 plant A12-1 seemed to lack the pCBK30 construct, made evident by the amplification of a 
single 729 bp product by LBCD6/TERT6 (indicated in red).  
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Both primer combinations showed corresponding results. Genotype analysis indicated that all 
G7 line 5 plants and some line 17 plants lacked the pCBK30 construct. The phenomenon that 
not all propagated transformants amplified a construct-specific TERT product showed that the 
transgene was not equally dispersed in seeds, most likely due to segregation. Alternately, both 
lines of the pCBK29-transformants used for phenotype characterization successfully retained 
the construct from G6 to G15 with only a few exceptions (see Figures 20 and 21).  
If the construct was in fact present, what could explain the declining growth performance and 
reproductive capacity that occurred following transformation of wild type TERT into TERT-
deficient plants? As mentioned above, one explanation could be that the construct was 
transcriptionally silenced in the course of sexual propagation.  
2.5 35S:TERT cDNA expression and telomerase activity analysis 
To examine whether there was silencing of TERT gene expression with each successive 
generation, TERT mRNA was isolated and amplified from three individual inflorescence tissues 
of pCBK29-transformed plants using RT-PCR. Analyzing the mRNA levels from G8 line 7, G15 
line 2 and G15 line 7 plants allowed not only a comparison between G8 and G15 gene 
expression levels, but also between lines 2 and 7 of late generation G15 transformants. As 
positive and negative controls, mRNA levels from inflorescence of wild type and TERT-deficient 
mutant plants, respectively, were analyzed.  
 
Figure 22: Annealing sites for primers TERT35, TERT30, TERT38, and TERT39 on the various exons (green) of the 
genomic TERT sequence. The approximate location of the T-DNA insertion site (orange) in exon 9 is also indicated. 
The cDNA reverse-transcribed with oligo-dT was amplified using two different TERT-specific 
primer combinations. The TERT35-TERT30 PCR product spanned the T-DNA insertion in the 
endogenous disrupted TERT gene, allowing differentiation between expression from the ectopic 
TERT cDNA and endogenous genomic TERT. Primers TERT38-TERT39 did not span the 
insertion (see Figure 22).  
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Figure 23: Left: TERT mRNA levels were isolated from TERT-/- and wild type inflorescence and suspension culture 
cells as negative and positive controls, respectively, and three separate G8#7, G15#7, and G15#2 inflorescence. The 
mRNA was reverse transcribed and subsequently amplified using primer combinations TERT38/39 and TERT35/30. 
Actin mRNA was isolated to ensure comparable mRNA levels and was amplified using Actin2.1 forward and Actin 2.2 
reverse primers (see 4.8.2). Two mRNA samples were treated with DNase prior to amplification to prevent possible 
contamination of genomic TERT DNA (indicated in red). Right: Phenotype comparison between wild type, G8#7 and 
G15#7 plants used for gene expression analysis. A: wild type ecotype Col71 plant, B: wild type ColO plant, C,D: 
pCBK29-transformed G8#7 plants, E: pCBK29-transformed G15#7 plant, F: pCBK29-transformed G15#2 plant. The 
white bar indicates 1 cm. Phenotype analysis showed progressive worsening of leaf developmental defects despite 
the stable expression of TERT.  
Reverse transcription of mRNA using primer combination TERT38/TERT39 resulted in a TERT-
specific product in the TERT-/- mutant plant inflorescence. Since the primer combination does 
not span the T-DNA insert, it is possible that this resulting band was amplified from truncated 
TERT mRNA expressed from the endogenous TERT gene. However, one would expect the 
level of TERT gene expression to be identical or lower in comparison to wild type levels. 
Primers TERT38/TERT39 anneal to sequences downstream of the T-DNA insertion site and the 
T-DNA sequence itself contains a strong promoter for genes required for successful 
transformation of plant cells. Thus, the elevated expression levels from the portion of the TERT 
gene downstream of the T-DNA found in TERT-/- mutants may result from the promoter on the 
T-DNA. The inability to prevent endogenous TERT mRNA amplification using this primer 
combination made it difficult to differentiate genomic TERT from construct-specific TERT mRNA 
in transformants. With primers TERT35 and 30, which span the T-DNA insertion, no TERT 
expression was detectable in telomerase-deficient plants and relatively weak expression in wild-
type inflorescence (see Figure 23), which is consistent with the overall expression pattern of 
telomerase. 
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As expected, I detected a considerably higher level of TERT mRNA expression in G8 and G15 
transformant lines when compared to wild type plants (see Figure 23). The dramatic increase in 
gene expression is most likely due to the strong constitutive activity of the pCaMV 35S promoter 
used in the constructs. Results furthermore indicated that the mRNA levels of 35S:TERT neither 
decreased significantly nor showed any variation between any of the three G8 and G15 
complemented line 7 plants analyzed, despite having been isolated from plants displaying 
unambiguous worsening of developmental defects. Finally, there was no notable difference in 
TERT expression between the two complemented lines 2 and 7 at G15, in which plant 
development was similarly defect.  
Gene expression analysis data revealed that from G8 to G15 line 7 and G15 line 2 flowers 
showed a definite and comparable expression of the telomerase TERT cDNA from the pCBK29 
construct, indicating that the construct was stably expressed at a high level over multiple 
generations of transgenic plants. However, it remains unclear whether the expressed TERT is 
also active. Although TERT mRNA levels have been shown to correlate well with overall 
enzyme activity in plants (Fitzgerald et al., 1999) a telomerase activity assay could verify that 
the telomerase is indeed functional. 
Figure 24: TRAP assay analysis of telomerase activity revealed no telomerase 
activity in either propagated line transformed with the TERT point mutated cDNA 
construct pCBK30 in either leaves or flowers (identical to the TERT-/- mutant line). 
Alternately, both lines 2 and 7 of pCBK29 transformants showed restored 
telomerase activity in both leaves and flowers, similar to wild type plants. 
Interestingly, telomerase activity was particularly high in pCBK29-transformed line 2 
flowers. (Source: Courtesy of Martina Shirato). 
The activity of the construct-encoded telomerase TERT was analyzed in flowers and leaves of 
G5/T1 transformed plants using the TRAP assay (Telomere Repeat Amplification Protocol) (Kim 
et al., 1994; Shirato, 2006). As anticipated, telomerase activity in flowers was not restored in 
plants transformed with point-mutated TERT cDNA, as opposed to both lines transformed with 
the wild-type TERT cDNA construct. In addition, slight telomerase activity was confirmed in 
leaves of pCBK29-transformed plants, most likely due to the constitutive activity of the promoter 
(see Figure 24).  
Genetic analysis verified that the construct-specific TERT cDNA was present and expressed in 
late generation transformants. Furthermore, activity assays showed that the encoded 
telomerase reverse transcriptase subunit was also active in early generation transformants. 
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However, since transformation with a wild type TERT cDNA construct only delayed the onset of 
developmental defects characteristic of homozygous TERT-deficient plants, I was curious to find 
out whether the actively expressed TERT was also recruited to and indeed functioning at 
telomeres. To analyze whether the encoded telomerase TERT was involved in elongating or 
maintaining telomeres in the transformants, I examined the lengths of the telomeres at each 
chromosome arm in the pCBK29-transformants. 
2.6 Telomere length analysis of each arm with PETRA 
The Arabidopsis thaliana genome consists of 5 chromosomes (see Figure 25). To study the full 
effect of the pCBK29-encoded TERT on telomere length it was crucial to examine as many 
chromosome arms as possible. Genomic DNA was therefore extracted from approximately five 
pCBK29-transformed A. thaliana plants per line and generation (G6, G8, G10, G12, G14, G15), 
and the precise lengths of the telomeres at 8 arms were determined using the Primer Extension 
Telomere Repeat Amplification (PETRA) assay described below (see Figure 26).  
 
Figure 25: A graphic representation of 
the A. thaliana genome. The distance 
from telomeric sequences to the closest 
actively transcribed gene varies at each 
arm. (L=left, R=right) (Source: adapted 
from Martina Shirato) 
 
The PETRA assay is based on two important steps, which made the amplification of telomeric 
sequences at each chromosome arm of Arabidopsis thaliana possible; primer extension and 
PCR-based amplification. For the primer extension step, an “anchor oligo” anneals to the 3’ G-
overhang of each chromosome terminus and is extended with the help of DNA Polymerase 
Phi29 (Fermentas). PCR amplification of a given telomeric sequence can then be achieved 
using a sub-telomeric primer specific for a chosen chromosome arm together with an anchor-
oligo-specific primer (see Figure 26).  
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The subtelomeric primers used in this experiment 
annealed to sequences close to arms 1L, 1R, 2R, 3L, 
4L/2L*, 4R, 5L and 5R (*the subtelomeric primer 
used for arms 4L/2L annealed to the 45S rDNA found 
at both of these arms (Copenhaver and Pikaard, 
1996; AGI, 2000)). This allowed the amplification of 
telomeric sequences at 8 of the 10 total chromosome 
arms of the A. thaliana genome. 
Once the desired telomeric sequences had been 
amplified by PCR, the products were separated by 
agarose gel electrophoresis together with a DNA 
ladder. Subsequently the bands were visualized by 
Southern Blot hybridization with a radioactively-
labeled telomere- and DNA ladder-specific probe. 
Using the DNA ladder as a reference, the length of 
each band was determined. Finally, by subtracting the already known distances from the sub-
telomeric oligo-annealing site to each telomere, the precise telomere lengths at each arm were 
calculated (see Table 3). As mentioned above, DNA was isolated from five separate plants of 
each line and generation for the PETRA assay. Average telomere lengths and standard 
deviations could therefore be determined for each chromosome arm allowing an accurate 
analysis of any variation found at the telomeres of both of the complemented 35S:TERT lines.  
Contrary to expectation, results revealed two unique mechanisms for telomere length 
maintenance in the pCBK29 transformants. Telomere length analysis indicated that although 
most arms demonstrated a definite decrease in telomere length with each successive 
generation, followed by stabilization at similar minimal lengths, arms 2R and 4R retained a 
mechanism that permitted telomere maintenance at a comparatively longer length. 
2.6.1 Decrease and stabilization of telomere length at 1L, 1R, 4L, 3L, 5L, 5R 
The telomeres at chromosome arms 1L, 1R, 4L/2L, 3L, 5L and 5R all display similar behavior in 
the complemented plants; the encoded telomerase TERT appears to maintain the telomeres at 
a specific minimal length between 250 and 500 base pairs.  
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Figure 27: A. Top, Left: Graphic representation of measured telomere lengths in G6, G8, G10, G12, G14 and G15 at 
arm 1L in both lines 2 and 7 pCBK29 transformants.  Top, Right: Southern blot results indicate a stabilization of 
telomeres in line 2 and a decrease in length in line 7. The black arrow indicates a missing DNA sample for line 7 G15 
telomere arm 1L. PETRA results of telomere arm 1L of all DNA samples analyzed indicate that the average telomere 
length at G15 in line 7 indeed lies around 437 bp (see Supplemental Data; Figure S1).  B. Bottom, Left: Average 
telomere lengths from G6 to G15 measured using alternative 1L-specific primer M0R. Bottom, Right: Further 
Southern blot verification of a stabilization of telomeres in line 2 and a decrease in line 7. Results demonstrate 
ultimate stabilization of telomeres at approximately 350 bp at arm 1L in both lines.  
*The Southern blot data shown throughout this entire section have been retrieved from final PETRA agarose gels in 
which 1 of the 5 samples for each generation (representing the average lengths of each arm) was separated by 
agarose gel electrophoresis.  The graphs, however, are based on the average telomere lengths calculated from the 5 
samples. 
Differences in telomere maintenance in the two pCBK29-transformed lines at chromosome arm 
1L became evident through PETRA analysis with two different subtelomere-specific primers, 1L-
1 and M0R. Each generation of line 2 pCBK29-transformants demonstrated a stabilization of 1L 
at an average of 423 bp, however with a slight decrease in length to approximately 380 bp at 
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G15 (see Figure 27). Interestingly, line 7 transformants displayed regular shortening of this 
chromosome arm at a net decrease of about 100 bp per generation from G6 to G15. The 
average telomere length of over 1 kb at G6 transformants decreased to approximately 350 bp at 
G15, less than half the initial length, indicating that the encoded telomerase TERT was not able 
to prevent telomere erosion (see Figure 27). The dramatic difference in initial telomere lengths 
was compensated for in G15; the length of chromosome arm 1L in both lines was ultimately 
maintained between 300 and 400 base pairs.  
These results suggest that although the encoded TERT is not able to prevent telomere attrition, 
it is likely involved in the maintenance of arm 1L between 300 and 400 bp. A possible 
explanation for this could be that the telomerase is only recruited to telomeres of a specific 
minimal length. This would imply that the encoded TERT cannot maintain telomeres above this 
length range and is possibly inhibited from binding to longer telomeres. Furthermore, telomere 
analysis of arm 1L reveals that the minimal amount of telomeric DNA required for protection 
from chromosome fusions lays around 300 to 400 base pairs, correlating with the lengths 
detected in late generation TERT-/- null mutants.  
  
Figure 28: Left: Graphic representation of measured telomere lengths in G6, G8, G10, G12, G14 and G15 at arm 1R 
in both lines 2 and 7 pCBK29 transformants. The rate of decrease is dramatic in the first generations after 
transformation dropping from about 1250 bp to 500 bp at G10; less than half the length. Ultimately, the telomeres at 
this chromosome arm are stabilized at around 400 bp starting in G12. Line 7 telomere arm 1R has an average length 
of 600 bp at G6, followed by subsequent shortening and stabilization at approximately 280 bp. Right: Southern blot 
results indicate a maintenace of telomeres at similar lengths in lines 2 and 7. 
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Chromosome arm 1R displayed similar behavior, however in reverse. Transformants 
propagated from line 2 showed a dramatic length decrease in telomere arm 1R from 
approximately 1.3 kb at G6 to 400 bp at G15, while no significant decrease was detectable from 
G8 to G15 in line 7 (see Figure 28).  Ultimate stabilization in both lines occurred between 250 
and 400 base pairs.  
The results thus far demonstrate clear telomere stabilization in each line at G15 at both ends of 
chromosome 1. Interestingly, the ultimate telomere lengths measured at arm 1R coincide with 
the lengths found at arm 1L. The comparable results at both arms provide further evidence for a 
minimal functional telomere length in plants ranging between 250 and 400 base pairs. It still 
remains unknown, however, what role the pCBK29-encoded telomerase TERT plays in this 
stabilization and what prevents TERT from maintaining longer telomeres.  
 
Figure 29: Left: Graphic representation of average telomere lengths found on arm 4L/2L in lines 2 and 7 of G6, G8, 
G10, G12, G14 and G15 plants successfully transformed with the wild type 35S:TERT cDNA construct pCBK29. 
Because the subtelomeric primer was not able to distinguish each arm, an average length was calculated. Telomere 
shortening from 930 at G6 to 260 bp at G15 in line 2 and from approximately 1130 to 250 bp in line 7 can be seen. 
Both lines display ultimate telomere lengths around 250 bp at G15. Right: Southern blot further verifies a steady 
decrease in telomere length in both lines to approximately 250 bp. 
RDNA consists of a sequence of tandem repeats that encode ribosomal RNA, a form of RNA 
that is crucial for proper protein translation and subsequently cell growth. The transcription of 
rRNA genes by RNA polymerase I is tightly regulated depending on the need for rapid protein 
synthesis. In Arabidopsis, repetitive rDNA is located immediately adjacent to the telomeres at 
chromosome arms 2L and 4L (Siroky et al., 2003). (It is important to note, that the subtelomeric 
oligo 4L-1 used for telomere length analysis anneals to the rDNA sequence making it difficult to 
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differentiate between the two arms 4L and 2L). One could expect, that the telomere 
conformations at these two arms might differ from the previously analyzed arms, permitting the 
recruitment of the encoded telomerase to longer telomeres thereby preventing telomere erosion.  
Surprisingly, results show a dramatic attrition at chromosome arms 2L/4L in both lines. The 
telomeres decrease up to one fifth of their original G6 lengths (around 250 base pairs) where 
they appear to be maintained (see Figure 29). These data suggest that a similar mechanism for 
telomerase-mediated telomere stabilization exists at chromosome arms 1R, 1L and arms 2L/4L.  
 
Figure 30: Left: Average calculated telomere lengths in G6, G8, G10, G12, G14 and G15 at arm 3L in both lines 2 
and 7 of the pCBK29 transformants. Results show a decrease in telomere length followed by ultimate stabilization 
around 600 bp in both lines. Right: Southern blot results indicate the initial decrease and stabilization of telomere 3L 
in both lines.  
PETRA analysis of chromosome arm 3L shows similar results with a decrease in telomere 
length from G6 to G8 followed by stabilization between 500 and 700 bp in lines 2 and 7, 
respectively (See Figure 30). The ultimate length range is longer than the expected 250 to 400 
bp range found at the other arms, indicating that the telomere at arm 3L might have a unique 
structure permitting the recruitment and activity of the encoded TERT at a relatively longer 
length.  
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Figure 31: Top, Left: Average calculated telomere lengths between G6 and G15 on arm 5L in both lines. Telomeres 
on chromosome arm 5L in both lines display a steady decrease in length. After an initial drop from approximately 1.4 
kb 5L is stabilized around 350 bp at G15. The average telomere length of line 7 at G6 is shorter in comparison, with 
only 1 kb. Line 7 shows a steady decrease in telomere 5L length to an average of 600 bp at G15. The average length 
at which telomeres at 5L are stabilized therefore ranges between 350 and 600 bp. Top, Right: Original Southern blot 
verifying the steady decrease and stabilization in telomere length in each line. Bottom, Left: Graph representing the 
measured lengths of telomeres on 5R between G6 and G15. Chromosome arm 5R is stabilized around 350 bp in line 
2. Though originally consisting of 480 bp at G6 in line 7, arm 5R also stabilizes at around 400 bp. Bottom, Right: 
Southern blot showing complete stabilization of both lines with no significant decrease or elongation from G6 to G15. 
A final set of chromosome arms that provides evidence for a minimal telomere length is arms 5L 
and 5R. After initial shortening, arm 5L in both lines 2 and 7 reaches an average length between 
300 and 600 bp (see Figure 31). Furthermore, both lines display a constant stabilization of 
telomere arm 5R at an average length of approximately 350 bp throughout each successive 
generation, showing neither a significant increase nor decrease at any time (see Figure 31).  
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PETRA analysis of transformants suggests that the pCBK29-encoded TERT is able to maintain 
telomeres at a certain length ranging between 250 to maximally 600 base pairs depending on 
chromosome arm. Judging from these results, one could expect similar effects on all remaining 
chromosome arms. Surprisingly, telomere length analysis reveals different results at 
chromosome arms 2R and 4R.  
2.6.2 Unique telomere conformation at arms 2R and 4R 
The first observable variation in telomere length maintenance at arm 2R becomes evident in 
early generation transformants. The average telomere lengths at G6 in both lines are far greater 
than those of the previous chromosome arms reaching up to almost 1.8 kb in line 2 (see Figure 
32). However, two more features of telomere length regulation in arms 2R are particularly 
intriguing; the shortening of telomeres in both lines to an average length of no less than 800 bp 
and the apparent elongation in late generations  
 
Figure 32: Left: Graphic representation of measured telomere lengths in G6, G8, G10, G12, G14 and G15 at arm 2R 
in both lines 2 and 7 pCBK29 transformants. Similar to the telomeres in line 2, line 7 displays initial telomere 
shortening followed by subsequent restoration of G6-like length. Right: Southern blot verifies initial shortening to no 
less than 800 bp in each line. The DNA sample representing the average telomere length measured at G15 is not 
shown for line 2. However, PETRA analysis with all DNA samples isolated indicates an average telomere length 
around 1.7 kb at 2R in G15 (see Supplemental Data; Figure S2). Together, these results suggest that telomere 2R 
elongates back to G6-like length in the late generations of both lines. 
Analogous to these results, telomere maintenance also occurs at an average length of 800 bp at 
arm 4R. This stabilization is already noticeable at G8 in both lines as opposed to G10 at arm 2R 
(see Figure 33). Interestingly, telomere elongation can also be observed after G12 resulting 
again in restoration of G6-like telomere length at G15.  
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Figure 33: Left: Average telomere lengths of arm 4R in G6, G8, G10, G12, G14 and G15 compared in both pCBK29-
transformed lines 2 and 7. Results reveal a length stabilization of arm 4R followed by telomere elongation in late 
generation transformants. Right: The Southern blot indicates the initial stabilization of arm 4R and the subsequent 
elongation to G6-specific length in line 7. Furthermore, telomere elongation is visible in late generation line 2 
transformants. 
These results imply that a unique telomere conformation might exist at these two arms, 
permitting either telomerase-mediated or alternative telomerase-independent telomere 
lengthening mechanisms. Comparing these data with PETRA analyses of arms 2R and 4R in 
TERT-/- null mutants could verify whether the encoded TERT is responsible for the elongation 
at these telomeres. 
3. Outlook and Discussion 
The main objective of my project was to analyze the effect of ectopic overexpression of wild 
type telomerase TERT in TERT-deficient Arabidopsis thaliana mutants on plant development 
and telomere length. The hypothesis was that the complementation with wild type TERT would 
rescue the effects caused by the telomerase-deficiency, restoring catalytic telomerase activity 
and consequently genomic stability. In fact, the telomeres were expected to be stabilized or 
elongated back to wild type length. Consequently, the ectopically expressed TERT was believed 
to prevent the developmental defects characteristic of TERT-/- null mutants.  
Results indicate that the ectopic expression of wild type telomerase TERT in TERT-deficient 
mutants does not prevent but rather delays the onset of detrimental developmental defects, 
extending reproductive capacity from 8 up to 15 generations. Like in TERT-deficient mutants, 
the defects developed in vegetative tissue first followed reproductive organs in later 
generations.  
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Furthermore, this experiment was the first to reveal the precise telomere lengths at each of the 
chromosome arms in the pCBK29-transformants. Telomere length analysis indicates that the 
encoded TERT is unable to prevent telomere attrition at most chromosome arms while being 
able to maintain most telomeres at a minimal functional length ranging between 250 and 500 
base pairs, correlating with the minimal lengths detected in TERT-deficient mutants (see Figure 
10). Though the lengths at which telomeres are stabilized in G15 transformants is relatively 
consistent throughout the genome, arms 2R and 4R possess a unique mechanism that allows 
them to maintain their telomeres at a far greater length. 
 
Figure 34: Graphic comparison of the average telomere lengths measured at each chromosome arm in G6 and G15 
pCBK29-transformants. Left: G6 transformants display telomeres that vary drastically between lines 2 and 7. This 
variation can be found at each chromosome arm. Right: A comparison of average telomere lengths at G15 illustrates 
the stabilization of telomeres at the same lengths in both lines regardless of initial length found at G6. Furthermore, 
these results clearly demonstrate that most arms are stabilized between 250 and 500 base pairs, while arms 2R and 
4R show restoration and maintenance of their telomeres at relatively longer lengths.  
Figure 34 summarizes the telomere lengths measured at the various chromosome arms in G6 
and G15 pCBK29-transformants. High length variation is detectable in the two lines at G6; 
variation within the same line at different chromosome arms and between the two lines at the 
same chromosome arm. At G15, this discrepancy is compensated for, as distinct lengths 
become visible at each chromosome arm. 
These novel findings present a breakthrough in plant telomere biology, prompting several 
interesting questions about the function of telomerase TERT in telomere length regulation and 
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maintenance. First, what prevents the ectopically expressed telomerase from elongating most 
chromosome arms? Then, what could explain the ability of the telomerase to maintain short 
telomeres? How can one explain the elongation of telomere arms 2R and 4R? And finally, how 
can we use this data to explain the delayed onset of developmental defects in pCBK29 
transformants? 
3.1 Is the ectopically expressed TERT fully functional? 
As mentioned above, telomerase activity can be regulated at the transcriptional, post-
transcriptional, translational, and post-translational level. Active transcription of the pCBK29-
encoded wild type TERT cDNA has been confirmed using RT-PCR. In addition, telomerase 
activity has been confirmed in early generation transformants. Let us therefore assume that the 
inability of the encoded TERT to elongate telomere arms 1L, 1R, 2L/4L, 3L, 5L, and 5R is due to 
a functional defect of the reverse transcriptase itself.  
One possible explanation for the evident shortening of the telomeres might be that the TERT 
cDNA used for both constructs is an incorrect splice variant of the endogenous genomic TERT 
gene, resulting in a reverse transcriptase with reduced efficiency or altered activity. The splice 
variant used in the pCBK29 construct might encode a truncated telomerase TERT variant, for 
example, that lacks a recognition site for the telomerase RNA template component or is capable 
of dimerization. By preventing assembly into a mature RNP, this would result in reduced 
telomerase efficiency. On the other hand, the incorrect splice variant might also display novel 
binding sites for abnormal binding partners thereby blocking TERT activity (see Figure 35).  
Telomerase-RNA-associated proteins, such as dyskerin, have been shown to aid in the 
recruitment of telomerase to telomeres in humans and plants by recognizing telomere-binding 
proteins (Zapulla et al., 2009) (see Section 1.5).  An inability to assemble with the RNA template 
to form a functional complex therefore would prevent the binding of telomerase-associated 
proteins and subsequently TERT recruitment to telomeres (see Figure 35).  
This theory is strengthened by the discovery of TERT splice variants in mammals, rice and 
Arabidopsis thaliana, that act as negative inhibitors of telomerase activity (Yu et al., 2000; 
Heller-Uszynska et al., 2002). Indeed, a truncated splice variant of AtTERT has been shown to 
bind telomere-binding protein A. thaliana POT1-like protein (AtPOT1), affecting telomere 
recruitment (Rossignol et al., 2007). Transforming TERT-deficient mutants with a construct 
containing genomic DNA as opposed to cDNA could validate this theory.  
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Figure 35: A: Transcription of TERT splice variant 1 results in a functional wild-type telomerase reverse transcriptase 
subunit capable of recruiting and binding the RNA template and any telomerase-associated proteins that aid in the 
recruitment of the functional RNP to telomeres. B: Transcription of an incorrect splice variant could result in a TERT 
subunit that lacks the recognition site for the RNA template (1), that is capable of dimerization (2), or that displays 
novel protein binding sites (3), thereby inhibiting the formation of a functional RNP and subsequently recruitment to 
the telomeres. 
Gene expression analysis indicated an increase in TERT expression when compared to wild 
type controls, most likely a consequence of pCaMV 35S expression control. The overexpression 
of TERT cDNA might cause the inability of the reverse transcriptase to elongate telomeres (see 
Figure 36). Perhaps overexpression of TERT results in an increased cellular concentration of 
active telomerase RNP complexes, which in turn might dimerize via their RNA templates. 
Alternately, the increase in nuclear TERT levels might cause competitive binding of telomerase 
to 3’-G-overhangs thereby blocking telomere repeat addition. This furthermore provides a 
possible capping mechanism by which the TERT could stabilize the telomeres. Excessive 
binding of TERT to telomeres is unlikely, however, if telomerase recruitment in plants also 
depends on the telomerase RNA template, telomerase-associated proteins or telomere-binding 
proteins, which are presumably at wild type levels.  
Finally, overexpressed TERT might recruit telomere-binding proteins preventing protective 
binding to telomeres, thereby altering telomere conformation. Telomerase-associated protein 
dyskerin has been shown be required for telomerase recruitment by associating with telomere-
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binding protein POT1A, for example. Overexpression of TERT in A. thaliana might lead to 
excess binding of dyskerin to the telomerase RNP, which may in turn recruit any unbound 
telomere-binding protein, such as AtPOT1. By preventing binding of AtPOT1 to telomeres, this 
would effectively alter telomere conformation. Transforming the plants with a construct 
containing the wild-type promoter could test these hypotheses.  
 
Figure 36: The cellular imbalance caused by the overexpression of the pCBK29 construct-encoded TERT could 
provide one explanation for the inability of the TERT to elongate telomeres. Wild-type expression levels would result 
in normal telomere recruitment and elongation. However, an overexpression could lead to RNA:RNA-mediated 
dimerization or other forms of protein aggregation preventing the formation of a functional RNP complex (1). 
Alternately, an accumulation of TERT in the nucleus could lead to an increased concentration of active telomerase, 
which could bind competitively to 3’ G-overhangs thereby inhibiting telomere elongation (2). Consequently, the 
telomerase would act as a sort of cap, offering one explanation for the ultimate stabilization of short telomeres at 
most chromosome arms. This assumption, however, would likely require an increased concentration of the 
telomerase RNA templates and telomerase-associated proteins, which are presumably at wild-type levels. Finally, 
single-stranded telomere-binding protein POT1A has been shown to bind telomerase-associated protein dyskerin, 
thereby playing an important role in telomerase recruitment to telomeres. Increased nuclear concentrations of 
telomerase could competitively recruit POT1A preventing binding to telomeres (3). This, in turn, could negatively 
affect telomere structure and subsequently length homeostasis.  
Another possible explanation for telomere attrition found at most arms with each successive 
generation of transformants could be that the level of active TERT expressed from the pCBK29 
construct decreases or varies between plants due to translational regulation. Negative 
regulation or silencing of the TERT mRNA would result in a reduction of the levels of active 
telomerase TERT. Western blot analysis of expressed protein levels together with telomerase 
activity assays in all generation of transformants would confirm this theory. With the help of the 
TRAP assay mentioned above catalytic telomerase activity should be demonstrated in later 
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generation transformants. Unfortunately, attempts to analyze protein levels by Western blot 
have been unsuccessful thus far.  
3.2 Telomere maintenance of short telomeres 
The main assumption of the above-mentioned hypotheses is that the inability of the telomerase 
to elongate telomeres is due to dysfunctional activity of the pCBK29-encoded TERT itself. 
However, experiments have shown that the Arabidopsis TAC1 line, which overexpresses 
telomerase in leaves, does not show any significant effect on telomere length (Ren et al., 2004). 
In addition, inactivation of the Ku complex in Arabidopsis causes telomerase-mediated telomere 
elongation, eventhough the levels of active telomerase are not altered (Gallego et al., 2003). 
Furthermore, the phenotypes of Arabidopsis transformants overexpressing the N-terminus of 
telomere-binding protein AtPOT2 resemble the phenotypes of late generation telomerase-
deficient mutants (Shakirov et al., 2005). Interestingly, the telomeres in these transformants are 
significantly shorter than in wild-type plants indicating that AtPOT2 plays a decisive role in 
chromosome end protection regardless of telomerase activity (Shakirov et al., 2005).  
Together, these results indicate that perhaps the accessibility of the telomeres to telomerase is 
the key determinant in telomere length regulation in the transformants rather than the cellular 
levels of active telomerase. This theory is further strengthened by the observation that the 
pCBK29-encoded TERT does seem to maintain telomeres at a specific length range at most 
chromosome arms of the transformants. How precisely the telomerase maintains the shortened 
telomeres, however, still remains unclear. In mammals it has previously been shown that the 
closed t-loop conformation inhibits telomerase recruitment and binding due to the inaccessibility 
of the 3’ G-overhang (see Figure 9). When mammalian telomeres shorten due to the end-
replication problem, telomere length becomes insufficient for the formation of this closed 
structure. As a result, the 3’ G-overhangs become accessible to telomerase. As mentioned 
above, plant telomeres have also been shown to form mammalian-like t-loops (see Figure 3) 
(Riha and Shippen, 2003; Zellinger and Riha, 2007). It is likely, therefore, that a similar 
mechanism prevents telomerase recruitment to longer telomeres in the Arabidopsis 
transformants.  
In conclusion, telomere length regulation in plants requires the coordinated activity of telomere-
binding proteins, telomerase and telomerase-associated proteins. Telomerase-mediated 
telomere elongation does not solely depend on telomerase activity, therefore, but rather on the 
conformation of the telomeres themselves. 
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3.3 Telomerase-mediated or alternative lengthening of telomeres 2R and 4R 
Another interesting observation from the PETRA analysis is that telomere elongation is visibly 
restricted to chromosome arms 2R and 4R. If the efficiency of the encoded TERT is indeed 
reduced due to intrinsic dysfunction or gene overexpression, perhaps these telomeres elongate 
in a telomerase-independent manner. If TERT is fully functional, however, unique telomere 
conformations at these arms could permit telomerase recruitment at lengths above 500 bp.  
Telomere structure analysis could help explain the apparent discrepancy in ultimate telomere 
lengths found at arms 2R and 4R when compared to the other arms. It has been shown that the 
distance from each telomere to the nearest actively transcribed gene varies between each arm. 
As Figure 25 demonstrates, the closest subtelomeric gene is located 653 bp from 2R, 1.3 kb 
from 3R, and 1.7 kb from 4R in order of increasing distance, while genes lie more than 3.5 kb 
from all other chromosome arms (not including arms 2L and 4L). The first transcriptionally active 
gene on arm 2R (AT2G48160), therefore, is closer than the genes on other arms. A unique 
structural conformation at arms 2R, 3R and 4R might permit telomerase-mediated or alternative 
recombination-based telomere elongation. This assumption could be validated if experiments 
indicate a similar rate of telomere elongation at arm 3R. 
Perhaps when subtelomeric genes lie closer to telomeres than a certain threshold (3 kb for 
example), the telomeres retain additional protective mechanisms to preserve and permit gene 
expression at these sites. Transcriptional machinery bound to subtelomeres might prevent 
telomere erosion. Subtelomere-bound transcription factors, for example, could regulate 
telomerase activity by aiding in the recruitment of TERT or altering telomere conformation to 
provide access to telomerase. Arms 2R and 4R may also have unique conformations that 
expose the G-overhangs prematurely. Of course, telomere maintenance at these arms could 
also be independent of transcription factors and rely on a different mechanism entirely.  
As mentioned in Section 1.5, repressive heterochromatin has been localized to mammalian and 
yeast subtelomeres and telomeres. Perhaps the close proximity of actively transcribed genes at 
arms 2R and 4R requires that these arms remain loosely packed. By inhibiting the formation of 
densely compact chromatin, the encoded telomerase TERT could gain access to and elongate 
the telomeres (see Figure 37). Telomere length analysis of A. thaliana 35S:TERT transformants 
with additional mutations in chromatin modifying enzymes could verify this hypothesis.  
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Figure 37: One possible explanation for the lengthening of telomeres demonstrated at chromosome arms 2R and 4R 
is a unique structural conformation at these arms. Telomeres have recently been discovered to be transcriptionally 
silent regions containing repressive heterochromatin marks such as trimethylated histones (H3K9). Furthermore, 
subtelomeric DNA has been identified to be hypermethylated, indicating another characteristic heterochromatin 
feature. Dense telomeric chromatin prevents telomerase recruitment and subsequently telomere elongation. 
Subtelomeric genes at arms 2R and 4R are closer to the telomeric repeats than at the other arms. The close 
proximity of actively transcribed genes at arms 2R and 4R (653 bp and 1.7 kb, respectively) suggests that DNA 
hypermethylation of subtelomeres and subsequently the formation of compact silent chromatin may be inhibited. The 
resulting loosely packed chromatin might be accessible to telomerase. Telomere elongation could also however occur 
via an alternative telomere recombination-based mechanism, independent of TERT activity.  
Telomere lengthening at arms 2R and 4R might also be independent of telomerase activity. 
Alternative telomerase-independent mechanisms for telomere lengthening (ALT) involving 
homologous recombination have previously been identified in yeast, mammalian cells, and even 
Arabidopsis (Henson et al., 2002; Watson and Shippen, 2006; Akimcheva et al., 2008). 
Furthermore, experiments have revealed that a loss of heterochromatin due to telomere 
shortening results in increased telomere recombination and subsequently telomere elongation 
(Benetti et al., 2007). Since arms 2R and 4R display initial shortening of telomeres, it is likely 
that a loss of heterochromatin at these arms indeed leads to subsequent telomere elongation. 
These arms might utilize an alternative recombination-based mechanism for telomere 
lengthening, as this would furthermore correlate with the theory of a dysfunctional encoded 
TERT.  
 
52 
3.4 Telomere length vs. developmental defects 
It remains intriguing that although the telomerase TERT does not elongate telomeres at most 
arms, growth defects become apparent later when compared to TERT-deficient mutants. One 
final consideration when analyzing all these data is to try to understand how the effects found at 
each telomere arm might explain the delayed onset of developmental defects in pCBK29 
transformants.  
In TERT-/- mutants, detrimental terminal developmental defects become visible at telomere 
lengths ranging between 0.5 to 1.5 kb at G8. Interestingly, an increased frequency of terminal 
phenotypes becomes evident at G15 in transformants, when most telomere lengths range 
between 250 and 500 base pairs, while arms 2R and 4R are stabilized over 1 kb. It has 
previously been shown that the frequency of chromosomal fusions in TERT-deficient plants 
increases with each successive generation due to telomere shortening (Riha et al., 2001). The 
delay in onset of developmental defects in transformants likely results from the delay in the 
formation of chromosome fusions, whose frequencies correlate with the increased frequencies 
of short telomeres.  
As mentioned above, it would be interesting to note whether arms 2R and 4R are also 
maintained in TERT-/- mutants, or if this only occurs in transformants. The elongation and 
stabilization of these arms in transformants could, for example, postpone detrimental defects by 
preventing the formation of chromosomal fusions between at least two of the ten total 
chromosome arms.  
3.5 Summary and future considerations 
This experiment has shown that the transformation of homozygous TERT-/- mutants with 
ectopically overexpressed telomerase TERT neither rescues the effects of the original TERT 
mutation nor prevents telomere attrition at most chromosome arms. However, the 
developmental defects characteristic for telomerase-deficient mutants are delayed in 
transformants, extending reproductive capacity to 16 generations. Furthermore, most of the 
telomeres appear to be maintained at a minimal functional telomere length ranging between 250 
and 500 bp. Unexpectedly, arms 2R and 4R display telomere lengthening in late generations 
and never shorten below 800 bp.  
The results from this experiment could be explained either by an abnormal activity of the 
encoded telomerase TERT (due to gene overexpression or enzyme malfunction) or by variable 
TERT accessibility to telomeres (due to alterations in telomere conformations). Telomere length 
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analyis together with previous experiments suggest, however, that it is likely the conformation of 
the telomeres that determine the activity of the encoded TERT, rather than the levels of 
expressed TERT. Like with other organisms, it is probable that telomerase-mediated telomere 
elongation in plants involves the coordinated interaction between single- and double-stranded 
telomere-binding proteins, telomerase, and telomerase-associated proteins. Telomere structure 
and epigenetic modifications also could play a critical role in regulating plant telomerase activity. 
Additional experiments are required to fully comprehend the link between telomere configuration 
and the pCBK29-encoded TERT in telomere length regulation in the transformants. It appears 
crucial that we identify the role of plant telomere-binding proteins in determining telomere 
conformation, so that we can finally understand plant telomere length regulation as a whole. 
Significant progress has been made in the field of telomere biology since the discovery of the 
importance of these “functionally distinct ends of chromosomes.” However, we are still far from 
fully understanding the complex mechanisms regulating both telomere structure and telomerase 
activity within a given cell. Only once all the intricate signaling networks controlling telomere 
structure across various species have been elucidated, will we be able to understand not only 
the progression of certain diseases, but consequently the development of organisms 
themselves.  
4. Materials and Methods 
4.1 Arabidopsis care and maintenance 
4.1.1 Seed preparation and planting 
To ensure proper sprouting Arabidopsis thaliana seeds of various ages were placed onto moist 
filter paper, covered in Petri dishes and allowed to germinate in growth chamber 1 (see below). 
The germination period varied lasting up to 7 days, depending on seed generation and total 
original storage time. Once more than half the seeds in each dish have begun to sprout, they 
were transferred into a 3:1 mixture of Humin-Substrat N3 soil and 5x Vermiculite IZ and allowed 
to grow in growth chambers. Five seeds from various generations were planted in each pot with 
moist soil. Each pot was labeled according to a simple numbering system (X1-28) in each tray. 
The seed type (generation, construct, line) and pot number were documented in a database 
using Microsoft Excel™. 
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4.1.2 Growth conditions 
Temperature Day/Night rhythm Light conditions Room 
Day (°C) Night (°C) Day (hr) Night (hr) Lamps Type 
Chamber 
1 
21 21 16 8 3x white 
2x red 
Philips Master TL-D 
36W/810 
Philips Master TL-D 
36W/827 
Chamber 
2 
22 22 16 8 2x white 
2x red 
Philips Master TL-D 
36W/810 
Philips Master TL-D 
36W/827 
To ensure optimal humidity the trays were initially covered with plastic lids for a duration of 
about 3 to 5 days. The plants were grown up to 16 days under the conditions listed in growth 
chamber 2. Ultimately, photographs of the plants for phenotypic characterization were taken 
with the Nikon D80™. 
4.2 Genomic DNA preparation from plant tissues: Materials and procedure 
Genomic DNA was extracted from Arabidopsis thaliana plants that were approximately 3 weeks 
old. Following the protocol, 1-3 rosette leaves or 5 inflorescence bolts and flowers were 
homogenized in 400 µl 2x CTAB DNA extraction buffer (2.8 ml 5M NaCl, 0.2g CTAB, 
hexadecyltrimethylammonium bromide, 1 ml 1M Tris-HCl pH 8, 400 µl 0.5 M EDTA, dH2O up to 
10 ml) using the IKA RW20.n grinder and incubated for 30 minutes at 65°C on the Eppendorf 
Thermomixer™. To extract the DNA, an equal volume of Phenol: Chloroform: Isoamyl alcohol 
(PCI) was added to the buffer and the mixture was subsequently centrifuged for 10 minutes at 
13,200 rpm in the Eppendorf table centrifuge 5415R™.  The DNA was precipitated from the 
resulting aqueous phase for up to 1 hour with 0.8x volume of isopropanol. After pelletting the 
DNA for no more than 20 minutes at maximum speed on the centrifuge, the pellet was washed 
in 750 µl 70% ethanol and left to dry at room temperature. To maintain the integrity of the DNA 
sample the pellet was finally resuspended in 30 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 
7.5, with 10-20 mg/ml RNAse) on the thermomixer for 30 minutes. 
4.2.1 Measuring DNA concentration 
The concentration of the genomic DNA extracted using the 2x CTAB protocol described above 
was measured using the Nanodrop™ 1000. For this procedure, the concentration of DNA in a 
probe containing no genomic DNA (1 µl of TE buffer) was first measured and used as a blank 
reference. Then, 1 µl of each sample was placed on the Nanodrop™ and the measured 
concentrations were recorded. 
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4.3 Polymerase chain reaction (PCR): Materials and procedure 
The samples used for PCR were usually prepared in form of a master mix containing all 
necessary components including the PCR buffer (500 mM KCl, 100 mM Tris-HCl pH 9.0, 1% 
Triton X-100™), dNTPs, MgCl2, forward and reverse primers, TrueStart™ Taq DNA polymerase 
(Fermentas), and the template DNA. 
Reagent Volume 
10x PCR Buffer 2 µl 
2 mM dNTP Mix 2 µl 
25 mM MgCl2 (Promega) 1.2 µl 
10 µM Forward Primer 1 µl 
10 µM Reverse Primer 1 µl 
TrueStart™ Taq DNA polymerase (Fermentas) 0.1- 0.2 µl 
Template DNA x 
Milli Q Water Up to 20 µl total volume 
For the amplification of both genomic DNA and cDNA samples various PCR cycles were 
programmed using the MJ Research PTC-100™ and BioRad DNA Engine™ PCR machines. 
The parameters chosen for each program depended on numerous factors including the selected 
forward and reverse primers, and the length and amount of the desired PCR product. Overall 
one could summarize the program as follows. 
Cycles Temperature Time 
1x 98°C 3 minutes (Initial denaturation) 
20-40x 98°C 15 seconds (Denaturation) 
 55-65°C 30 seconds (Annealing) 
 72°C 1-2 minutes (Elongation) 
1x 72°C 10 minutes (Final elongation) 
1x 8°C ∞ (Storage) 
4.4 Primer Extension Telomere Repeat Amplification (PETRA) assay 
As mentioned above, during PETRA analysis, the “anchor oligo” (PETRA-T) first anneals to the 
3’ G-overhang of chromosome termini and is extended with the help of DNA Polymerase Phi29 
(Fermentas). Second, using a sub-telomeric primer specific for each chromosome arm together 
with an anchor-oligo-specific primer (PETRA-A), the telomeric sequence can be amplified by 
PCR (Heacock et al., 2004).  
Once the telomeric DNA at a given arm was successfully amplified, the PCR products were run 
on 1% agarose gels in OWL-type horizontal electrophoresis chambers and then detected by 
Southern hybridization with a radioactively labeled telomere-specific probe (TTTAGGG)4. Using 
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the GeneRuler™ 1 kb DNA ladder (Fermentas) as a reference, the total length of the telomeres 
at individual chromosome arms could be determined (see Table 3). 
Oligo Sequence Distance to Telomere 
PETRA-T 5'-CTC TAG ACT GTG AGA CTT GGA CTA CCC 
TAA ACC CT-3' 
 
PETRA-A 5'-CTC TAG ACT GTG AGA CTT GGA CTA C-3'  
   
1R-1 5’-CTA TTG CCA GAA CCT TGA TAT TCA T-3’ 706 bp from 1R telo 
1L-1 5’-AGG ACC ATC CCA TAT CAT TGA GAG A-3’ 519 bp from 1L 
subtelo, 680 bp from 
1L telo 
M0r 5’-ATGATTGATCCCACAGCGCT-3’ 23 bp from 1L telo 
2L-1 *  
2R (PAT51-5) 5’-CAACATGGCCCATTTAAGATTGAACGGC-3’ 520 bp from 2R telo 
3L-1 5’-CAT AAT TCT CAC AGC AGC ACC GTA GA-3’ 367 bp from 3L telo 
4R-1 5’-TGGGTGATTGTCATGCTACATGGTA-3’ 1151 bp from 4R telo 
4L-1 5’-GCC CCG GAA CTC ATC ATC G-3’* 98 bp from 4L/2L telo 
5R-1 5’-CAG GAC GTG TGA AAC AGA AAC TAC A-3’ 220 bp from 5R telo 
5L-1 5’-AGG TAG AGT GAA CCT AAC ACT TGG-3’ 374 bp from 5L telo 
Table 3: An overview of the names and sequences of the subtelomeric primers used for PETRA analysis of 8 of the 
10 Arabidopsis telomeres. The distances from the primer to the telomere are indicated on the right.  
 
*Note: rDNA is found adjacent to chromosome arms 2L and 4L and subtelomeric oligo 4L-1 binds to rDNA. It is 
therefore not sure which arm (2L or 4L) is amplified using this primer; two bands are often visible with PETRA as a 
result. 
4.4.1 Step 1: PETRA-T Primer extension 
The first step in the PETRA protocol is the annealing of the T-rich oligo PETRA-T to the variably 
long 3’ G-overhangs of telomeres and subsequent primer extension. For this purpose, 8 µl of 
genomic DNA extracted using the above protocol (2x CTAB) were mixed with 1 µl of the 
PETRA-T primer, 1 µl of dNTPs, 0.4 µl Phi29 DNA polymerase (Fermentas), and 2 µl 10x Phi29 
DNA polymerase buffer (Fermentas) (500 mM Tris-HCl, 100 mM MgCl2, 100 mM (NH4)2SO4, 40 
mM Dithiothreitol, pH 7.5) and filled up to 20 µl with dH2O. Next, the reaction mix was incubated 
for 1 hour at 30°C to allow primer extension followed by 20 minutes at 65°C.  
Reagent Volume 
Genomic DNA  8 µl (~ 500 ng) 
10x Phi29 DNA Polymerase Reaction Buffer 
(Fermentas) 
2 µl 
2.5 mM dNTPs 1 µl 
10 µM PETRA-T oligo 1 µl 
Phi29 DNA Polymerase (Fermentas) 0.4 µl 
dH2O 7.6 µl up to 20 µl total volume 
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4.4.2 Step 2: PCR amplification of telomere 
Following the primer extension step, amplification of each telomere arm sequence can be 
achieved with the help of specific sub-telomeric primers. For this procedure, 1 µl of the primer 
extension product synthesized by the above mentioned protocol was added to a specific PCR 
reaction mix. This PCR master mix contained Phusion™ 5x GC Buffer (7.5 mM MgCl2) 
(Fermentas), the PETRA-T-complementary PETRA-A oligo, the telomere arm specific sub-
telomeric oligo, dNTPs, Phusion™ Hot Start DNA polymerase (Fermentas) and water. Once 
combined the PCR reaction was run with a specific PCR program (see below). 
Cycle Temperature Time 
1x  98°C 3 minutes 
25x 98°C 15 seconds 
 60°C 30 seconds 
 72°C 2 minutes 
1x 72°C 10 minutes 
1x 8°C ∞ 
Upon amplification, 15 µl of the 50 µl PCR product were run on a 1.2% agarose gel at 80 mV for 
approximately 2.5 hours. Finally, the gel was incubated for 20 minutes in ethidium bromide. 
4.5 Agarose gel electrophoresis: Materials and procedure 
Agarose gel electrophoresis was used to separate DNA fragments by differences in size, or 
length. For the procedure, varying quantities of agarose, ranging between 0.8 to 1.2% 
depending on the fragment sizes to be separated, were dissolved in 1x TAE buffer (40 mM  
Tris-Acetate, 1mM EDTA) and poured into electrophoresis chambers with the desired well 
comb.  Upon gel formation the comb was removed and the gel was covered with TAE buffer.  
The samples were prepared with the addition of 6x DNA Loading dye (10 mM Tris-HCl (pH 7.6), 
03% bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol and 60 mM EDTA) (Fermentas). 
For example, 10 µl Loading dye were added to the 50 µl of PETRA sample giving a total of 60 
µl. DNA ladders such as the GeneRuler™ 1kb DNA ladder (Fermentas) were used as a 
Reagent Volume 
Phusion™ 5x GC Reaction Buffer (Fermentas) 10 µl 
10 µM PETRA-A oligo 2 µl 
10 µM sub-telomeric oligo 2 µl 
2.5 µM dNTPs 4 µl 
Primer extension product 1 µl 
Phusion™ Hot Start DNA Polymerase 
(Fermentas) 
0.5 µl 
dH2O Up to 50 µl total volume 
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reference. Following the loading of 5 µl of the chosen ladder, the samples were pipetted into 
each well and the order of loading was documented. The gels were then subjected to a voltage 
ranging from 100 to 120 mV per cm to allow the diffusion of DNA through the gel towards the 
positive electrode, or cathode.  
To prevent any possible damage to the DNA the gels were removed from the electrophoresis 
chamber and placed into plastic containers filled with TAE buffer followed by the addition of 20 
µl of ethidium bromide to intercalate and stain the DNA. After a 20-minute incubation period, the 
gels were quickly rinsed and the bands visualized under a UV lamp with the BioRad GelDoc™ 
XR. 
4.6 Southern blotting and hybridization 
4.6.1 Materials 
Solutions 
Depurination solution  0.25 M HCl 
Denaturation solution 0.5 M NaOH, 1.5 M NaCl 
Neutralization solution 0.5 M Tris-Cl pH 7, 1.5 M NaCl 
2x SSC diluted from 20x SSC; 175.3 g NaCl, 88.2 g Sodium citrate 
dissolved in 1L water; pH adjusted to 7 
Hybridization buffer 7% SDS, 0.25 M Na/Phosphate buffer pH 7.2, BSA 0.1-1 g/L 
(0.1 g/L for oligo probe, 1 g/L for double-stranded DNA probe)  
10x PNK buffer (Fermentas)  
Washing solution 1 2x SSC, 0.1% SDS 
Washing solution 2 0.2x SSC, 0.1% SDS 
 
Materials 
Transfer (Blotting) pyramid; Paper towels, blotting paper, nylon membrane, agarose gel, sponge 
UV Stratalinker 2400 Crosslinker (Labor Partner) 
Radioactive [γ32P] ATP (>3000 Ci/mmol) (Promega) 
Geiger Müller counter 
Telomere-specific oligo probe (T3AG3)4and T4 PNK (10U/ µl) (Fermentas) 
DNA-ladder probe (Fermentas) 
Nucleotide Removal Kit (QIAGEN) 
Hybridization tubes and the UVP HB1000 Hybridizer 
Saran wrap, Phosphor screen, Exposure cassette 
PhosphorImager GelDoc™ XR system (BioRad) 
4.6.2 Blotting 
Southern blotting is a method used to blot DNA from a gel onto a nylon membrane. For the 
procedure, the agarose gels were first briefly rinsed with water once the loading buffer had run 
approximately two thirds from the top. To ensure maximum transfer capacity the DNA was 
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depurinated by soaking the agarose gel in 0.25 M HCl for 10 minutes. After a quick rinse with 
water, the DNA was denatured for 30 minutes in Denaturation solution (1.5 M NaCl, 0.5 M 
NaOH). After another quick rinse, the agarose gel was finally neutralized in Neutralization 
solution (1.5 M NaCl, 0.5 M Tris-Cl pH 7) for 15 minutes. All the above-mentioned gel-
preparatory steps took place on the table shaker Stuart Orbital Shaker SSL1 at room 
temperature. Once the gel was neutralized, the transfer pyramid was set up in the following 
order: a stack of paper towels, blotting paper soaked in Neutralization buffer, the nylon 
membrane (labeled) followed by the gel, blotting paper and a sponge soaked in 2x SSC (see 
Figure 38). The transfer occurred overnight. The next morning the membrane was crosslinked 
using the UV Stratalinker 2400 Crosslinker (Labor Partner). Finally, the membrane was placed 
in a hybridization tube and pre-hybridized in 20 ml hybridization buffer (see 4.6.1 for 
composition) for 1-2 hours at 55°C in the UVP HB1000 Hybridizer (65°C were used to hybridize 
dsDNA probes and 55°C for short oligo probes). 
 
 
 
 
 
 
 
Figure 38: A schematic representation of the transfer pyramid used for Southern Blot hybridization. 
4.6.3 Radioactive labeling of telomere-specific and DNA-ladder probe 
Now that the DNA was successfully blotted onto the membrane, the telomere-specific probe 
could be prepared for final hybridization and subsequent visualization of the DNA. While the 
membrane was pre-hybridizing, the telomere-specific oligo probe (TTTAGGG)4 was labeled with 
radioactive [γ32P] ATP (>3000 Ci/mmol, 10mCi/ml) (Promega). For this, 1 µl of the 10 µM oligo 
probe was mixed with 2 µl 10x PNK buffer (700 mM Tris-HCl (pH 7.6), 100 mM MgCl2, 50 mM 
DTT) (Fermentas) and 11 µl mQ H2O. In the hot lab, 1 µl of the 10 U/µl T4 polynucleotide kinase 
(PNK) (Fermentas) were added followed by the final addition of 5 µl radioactive [γ32P] ATP. PNK 
labelled the 5’ end of the oligo probe during the 45 minute incubation period at 37°C. Once 
paper towels 
plastic border 
blotting paper 
blotting 
apers 
Sponge saturated 
with 10xSSC 
gel 
membrane 
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labeled, the oligo was purified using the QIAGEN Nucleotide Removal Kit and eluted twice with 
100 µl QIAGEN Elution buffer.  
Reagent Volume 
mQ H2O 11 µl up to a 20 µl total volume 
10x PNK buffer (Fermentas) 2 µl 
10 µM oligo probe (T3AG3)4 1 µl 
10 U/µl  T4 Polynucleotide Kinase (PNK) 
(Fermentas) 
1 µl – in hot lab! 
radioactive [γ 32P] ATP (>3000 Ci/mmol) 
(Promega) 
5 µl – in hot lab! 
To calculate the lengths of the telomeres the DNA ladder also had to be clearly visible. 
Therefore, a separate DNA-ladder probe was radioactively labeled using the T4 polynucleotide 
kinase (PNK) and co-hybridized with the labeled telomere-probe. Double stranded DNA probes 
can either be labeled by the large fragment of DNA polymerase I (Klenow fragment) or by T4 
PNK. I used the T4 polynucleotide kinase, which had been shown to be useful in the 5’ end 
labeling of DNA by catalyzing the transfer of the [γ 32P] from ATP to the 5’-hydroxy ends of DNA. 
The labeling procedure for double-stranded DNA probes differed only in one step; the ds-DNA 
probe was denatured 5 minutes at 99°C prior to hybridization.  
4.6.4 Hybridization 
The 100 µl remaining oligo and DNA-ladder probe were both added directly to the pre-
hybridization buffer and the membrane was hybridized overnight at 55°C on the UVP HB1000 
Hybridizer cycler. After hybridization, the probe was removed and stored at -20°C for later use. 
The membrane was washed 3 times; twice 10 minutes at 55°C in Washing solution 1 and once 
20 minutes at 55°C in Washing solution 2 (see 4.6.1 for composition). Using the Geiger-Müller 
counter the intensity of the radioactive signal from the membrane was measured after the 
washing steps. When sufficient radioactivity was detected, the membrane was wrapped in 
Saran foil and exposed to a Kodak™ phosphor screen for no more than 2 days in an exposure 
cassette. Alternately, if the radioactivity intensity measured was too high, further washing of the 
membrane was necessary. Visualization of the DNA bands was made possible by scanning the 
phosphor screen with the PhosphorImager GelDoc™ XR system (BioRad). The images were 
saved and each band was ultimately detected using BioRad QuantityOne™. BioRad 
QuantityOne™ simplifies the detection of the bands with maximal intensity and permits optimal 
length analysis. The lengths of the most intense bands visualized were determined using the 
DNA ladder as a reference. Finally, by subtracting the known distances from the sub-telomeric 
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oligo annealing sites to the actual telomere, the precise lengths of the telomeres at each arm 
were calculated. 
4.7 Total RNA extraction from Arabidopsis 
For the extraction of total RNA from Arabidopsis, 100 mg of fresh plant tissue (1-3 inflorescence 
or 1-2 leaves) was ground to a fine powder in liquid nitrogen using RNase-free mortars and 
pestils. The powder was immediately transferred into labeled Eppendorf tubes and 
homogenized in 1 ml TRI Reagent (Sigma) solution. Maximum RNA extraction was achieved 
the faster this step was performed. After a 10-minute incubation period at room temperature, 0.2 
ml RNase-free chloroform was added, vortexed well using the Vortex Genie, and left at room 
temperature for an additional 10 minutes to extract the RNA. Using the Eppendorf table 
centrifuge 5415R™ the tubes were centrifuged at maximum rotation speed at 4°C for 10 
minutes. The RNA-containing supernatant was then transferred into clean tubes. Next, the RNA 
was precipitated in a 0.4x volume of isopropanol and again incubated at room temperature for 
10 minutes. The tubes were spun for a final 10 minutes at 4°C at maximum speed and then 
washed with 70% ethanol. Finally, the RNA pellet was resuspended in 50 µl nuclease free water 
and stored at -20°C 
Reagent Volume 
Liquid nitrogen - 
TRI Reagent (Sigma #T9424) 1 ml 
RNase-free chloroform 0.2 ml 
Isopropanol ~200 µl 
70% Ethanol 750 µl 
Nuclease-free (DEPC) water 50 µl 
4.7.1 Measuring RNA concentration and integrity 
The same method used to measure the concentration of DNA was applied to the RNA samples. 
Using the Nanodrop™ 1000 the concentrations were measured and recorded. 
To ensure that the extracted RNA had not been subjected to nucleolytic degradation and was 
intact, the integrity of the RNA was verified using an RNA native mini gel. For this, 50 ml of 1.5% 
agarose were prepared in fresh 1x TBE buffer (diluted from 5x TBE buffer; 89 mM Tris-Borate, 2 
mM EDTA). Next, 2 µl of ethidium bromide were added and a minigel with 8 wells was poured 
into an electrophoresis chamber. Once hardened, the gel was covered in 1x TBE buffer. 
To prepare the RNA sample for loading, 2x denaturing buffer had to be prepared fresh; 0.26 g 
urea were dissolved in 500 µl Loading Buffer III (15% Ficoll, 0.25% Bromphenol Blue, 0.25% 
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Xylene cyanol FF) (Maniatis), 200 µl 5x TBE buffer, and 150 µl mQ water. 1-2 µg of RNA were 
then adjusted to 5 µl in nuclease free water and an additional 5 µl of 2x denaturing buffer were 
added. After incubation at 65°C for 3 minutes, the samples were cooled on ice for 1 minute, 
spun quickly and left to cool on ice. The total 10 µl of each sample were loaded on the minigel 
and run at 100 mV for approximately 1 hour. A minimum of three sharp bands represented 
rRNA. A smear implied that the RNA had at least partially been degraded and the extraction had 
to be repeated. 
4.7.2 DNase treatment 
To prevent DNA contamination it was important to treat the RNA samples with DNase. Several 
different methods for DNase treatment were tested before ultimately finding optimal conditions. 
Optimal results were achieved by mixing 4 µg of RNA with 2 µl 10x DNase Buffer (10 mM Tris-
HCl, 2.5 mM MgCl2, 0.5 mM CaCl2, pH 7.6) (Fermentas), 2 µl HC DNase I (Fermentas), and 0.5 
µl RiboLock™ RNase Inhibitor (Fermentas) and filled up to a total volume of 20 µl with 
nuclease-free DEPC water. Then, the mixture was incubated for 30 minutes at 37°C followed by 
10 minutes at 65°C to inhibit enzyme activity and stop the reaction. The samples were kept on 
ice until further needed. 
Reagent Volume 
RNA 4 µg 
10x DNase I Reaction Buffer (Fermentas) 2 µl 
HC DNase I (Fermentas) 2 µl 
Ribolock™ RNase Inhibitor (RNaseIn) (Fermentas) 0.5 µl 
DEPC water Up to 20 µl total volume 
4.8 Reverse-Transcription (RT) PCR 
To check the level of TERT gene expression from the pCBK29-construct, total RNA was 
extracted from various plant tissues followed by the removal of unwanted DNA. This gene 
however had to be amplified to a detectable quantity, and this was done using Reverse 
Transcription (RT) PCR. RT-PCR involves two major steps; first the reverse transcription of the 
RNA followed by PCR amplification of the cDNA.  
4.8.1 cDNA synthesis with M-MLV reverse transcriptase 
The first step in RT-PCR is the reverse transcription of the RNA sample, that is, the synthesis of 
cDNA. For this, 1-3 µg of RNA were mixed with 0.5 µl of a designed 10 µM gene-specific oligo 
(TERT or Actin, as a positive control) and filled to a total volume of 16.25 µl with water. Optimal 
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amplification results were achieved with the use of 0.5 µg oligo-dT (Invitrogen™) in place of the 
gene-specific oligo. 
To denature any double strands the reaction was heated for 5 minutes at 70°C, followed by 
quick cooling on ice for 5 minutes to allow annealing of the primer to the RNA template. Next, 
the reverse transcription was initiated with the addition of 1 µl Ribolock™ RNase Inhibitor 
(Fermentas), 5 µl 5x M-MLV reaction buffer (250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM 
MgCl2, 50 mM DTT) (Invitrogen™), 1.25 µl 10 mM dNTPs and finally 1 µl M-MLV RNase H- 
reverse transcriptase (Invitrogen™). Depending on whether a gene-specific or oligo-dT primer 
was used for the reaction, the mixture was incubated either at 42°C for 60 minutes or at room 
temperature for 10 minutes followed by 50 minutes at 37°C, respectively. The reverse 
transcription reaction was terminated by heating the samples 15 minutes at 70°C.  
Reagents Volume 
RNA 1-3 µg 
10 µM Gene-specific oligo or 
Oligo-dT (Invitrogen™) 
0.5 µl 
0.5 µg 
Nuclease-free Water Up to 17.25 µl total volume 
Ribolock™ RNase Inhibitor (Fermentas) 1 µl 
5x M-MLV reaction buffer (Invitrogen™) 5 µl 
10 mM dNTPs 1.25 µl 
M-MLV (H-) reverse transcriptase (Invitrogen™) 1 µl to a total volume of ~25 µl 
4.8.2 Second strand synthesis and PCR amplification 
Now that the cDNA was synthesized, the cDNA had to be amplified to detectable amounts. For 
the amplification, several primers were designed and all the possible combinations examined to 
find optimal amplification results. Actin was always used as a positive control. Before attempting 
to amplify the cDNA the optimal PCR conditions had to be determined for each primer and each 
combination. In addition to the primer combination of choice, 2 µl of the cDNA together with 
Phusion™ Hot Start DNA polymerase (Fermentas) were used in a PCR reaction, rather than the 
usual homemade Taq. The PCR cycles used depended on the primers used. Below the primer 
sequences used for genotyping and RT-PCR are listed, together with their annealing 
temperatures and amplified product lengths.  
Primer combination cDNA product length Genomic DNA product length 
TERT 35 – TERT 30 871 1319 
TERT 38 – TERT 39 736 952 
ACT2.1 – ACT2.2 374 1008 
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Gene-specific Oligo Sequence Annealing 
Temperature (°C) 
TERT 6 (R) 5’-CTA GGA CAT ATC CAT CAA GGG CT-3’ 63 
TERT 7 (F) 5’-GAA AGG AAG CTG TAT TGC ACG AA-3’ 61 
TERT 30 (R) 5’-CAC ACC ATT GGC CTT TGG-3’ 60.1 
TERT 35 (F) 5’-GCC CAA CTG CTC TGA TTC-3’ 56 
TERT 38 (F) 5’-TCA AGA GAT CAG GCG AGT AG-3’ 54.7 
TERT 39 (R) 5’-ACC GGT CTG TTG CAT ACT TC-3’ 56.6 
ACT2-1 (F) 5’-CTG CCG CTG TTG TTT CTC CT-3’ 54.4 
ACT2-2 (R) 5’-CGT TGT AGA AAG TGT GAT GCC A-3’ 53.4 
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7. Supplemental Data 
 
 
 
Figure S1: Top: All the Southern blots obtained from the agarose gel electrophoresis of the 
genomic DNA samples amplified with the telomere arm 1L-specific primer. The different lanes 
correspond to the DNA samples isolated from up to 5 separate plants of the various generations 
of line 2 and 7 pCBK29-transformants. Bottom: The graphic representation of the average 
lengths calculated from the above-depicted blots using BioRad QuantityOne™. The telomeres 
at chromosome arm 1L are maintained around 450 bp in line 2, while they shorten from 
approximately 1kb to 440 bp in line 7. 
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Figure S2: Top: The Southern blot data obtained from the PETRA analysis of all DNA samples 
isolated from each line and generation of pCBK29-transformants and amplified with a telomere 
arm 2R-specific primer. Bottom: The graphic representation of the average lengths calculated 
from the blots. Together, these results show a decrease in the length of telomere 2R to no less 
than 800 bp in each line, followed by restoration of G6-like length. 
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